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The authors describe a measurement and calcula-
tion method which enables direct contact to be made
between any optional operational unit and an analog
computer. The calculation and evaluation of residence
time distribution in the case of absorbers is discus-
sed as an example.

In connection with the above, the expressions
which became usual in connection with residence time
distribution are modified and transformed 1in such a
way as to obtain quantities everywhere which can be
directly fed into an analog computer.

An advantageous property of the method 1is its
high speed, because calculations can be carried out
simultaneously with the experimenss. In addition, any
other variable which is convertible to an electric
tension can be directly fed into an analog computer.
For example, a chromatograph can be directly connec-
ted to an sgnalog machine. Accordingly, concerning its
technical utilization the method is also universal.

The residence time distribution of the flowing phases is of

Paramount importance in the design and operation of chemical in-

dustrial operational units.

The above-mentioned fact has been discussgd in a paper of

basic importance by DANCKWERTS [1]. He defined the most important
concepts connected with residence time distribution. It is suffi-

cient to quote his important statement which can be summarized in

the following manner: if the residence times of the individual
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elements of the flowing phases are different,i.e. they vary accord-
ing to some sort of distribution, the efficiency of the operatio-
nal unit (apparatus) is always lower compared to that observed in
the case of the identical residence time of the elements. A number
of concepts - defined on the basis of DANCKWERTS® paper - are at
present widely applied ({2 - 7]. These concepts are assumed to be
known and they are summarized in Table 1. The only remark to be
‘made in connection with this is that two concepts for time are
usually used: t is the time actually measured, whereas o ~ is di-
mensionless time referred to the t mean or apparent residence
time. The connection between these two quantities is expressed by
the following equation:

t tv
& = —= (1)
t v
Table 1.
Denomination Experimental curves Theoretical curves
density dF d I(e)
function cle) = — ~——e E(8) = ———
de da (e)
= [¢]
distribution v
function F(e) = C(e) d & = 1 - I(8) = E(e) 4 o
o o
intensity _ E(8) d
function - Ale) = = —— 1n I(8)

I(e) d e

As to the method of measurement it should be noted that two
techniques are used generally: 1. The tracer substance is added to
the input stream for only a short period of time in a pulse-like

manner, whereupen its addition is disconnected. The c(t) functicn
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of the tracer substance, being the response to the above input
pulse, is measured or recorded in the output stream (Fig.1.).

¢
] c(t)
. 'l t response ] t
input signal
operational unit i
v v -

Fig.l. Schematical representation on the study of residence

time distribution in the case of pulse-like signal.

2. The tracer substance is added to the input stream at a well-de-
fined (co) concentration at a time * = 0 and this (cc) concentration

is maintained in the following (Fig. 2.). This type of signal is

c
Y ST
t t
input signal response
‘ operational- unit i
v <+

v

Fig.2. Schematical representation of the study of residence

time distribution in the case of Jump-like signal.
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often callad a "jump-like input signal”. In such a case, the c({t)
corcentration of the tracer substance is measured or recorded
against time in the exit stream from a time t = 0. In this case the
limiting value of the response function c(t) is c(t) +(co} if t -+
Trhe ratio of c(t) and (co) is the distribution function of the res-
idencze time:

= F(t) (2)

In practice, instead of the c(t) function it is advantageous
to measure its value multiplied by the volumetric flow rate (v) and
divided by the amount of tracer substance brought into the system
(Q). This quantity is called function C(t): )

ce(t)v

Q

The function C(t), as determined experimentally, is identical
tc the theoretical E(t) residence time distribution density func-

= C(t) ' (3)

tion, if the tracer substance brought into the system truly repre-

sents the elements of the streaming phase at the exit side.

According to the well-known laws of mathematical statistics,
the connaction between the functions described in the foregoing is
the following:

d F
c(t) -~ E(t) = —
dt
and 4 F (u)
N c(e} ~ E(8) = —
d e

It should be noted that these.concepts and measuring methods
can not only be applied in connection with continuous operational
units of chemical engineering,but also in connection with any other
type of engineering activity, where different media flow  through
any apparatus of a given size and shape, such as, for example, sew-
age purification and settling tanks.
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DESCRIPTION OF THE MEASURING METHOD

The determination of the functions and integrals shown in
Table 1. is generally a cumbersome and time-consuming task.Accord-
'ingly a measuring technique and a programme was elaborated,
the essence is that the experiméntal data measured in the opera-
tional unit are, after suitable and broportional transformation,
fed into an analog computer. The latter carries out the calcula-

tions simultaneously with the measurement.

The experiments were concerned with adsorption processes oc-
curring in packed columns. However, it should be stressed that the
method is of a general nature and can be applied to any operation-
al unit. The calculations were carried out with the momentum

method [8, 9, 10].
DESCRIPTION OF THE EXPERIMENTS

The liquid phase applied in the packed column was water and
the tracer substance was aqueous NaCl solution. The conductanqe of
the effluent liquid was measured. In the concentration range used
in these experiments, the connection between conductance and salt
concentration of the liquid is linear. Experiments were carried
out with eulse-like and jump-like changes in the amount of the
tracer substance.

The connection between the operational unit and the analog
computer was established according to Fig. 3. A detector is placed
into the liquid leaving the operational unit and the response of
the apparatus to the interfering signal is recorded by a potentio- -
metric strip-chart recorder. The sensing device was a conductivity
meter equipped with platinum electrodes. A follower potentiometer
of 10 kiloohms resistance =~ this value being matched to the ana-
log computer - was coupled to the shaft actuating the sliding con-
tact of the measuring bridge built into the recorder. A potential
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¥ig.2. ‘Schematic rerresentation of the connection of the

operational unit to the dnalog computer.
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of 10 volts = again matched to the computer ~ was fed to the engd
points of the potentiometer. The sliding contact of this potentio-
meter followed that of the recording potentiometer and,consequently
a voltage proportional to that measured by the recorder, i.e. to
‘the conductance of the liquid was obtained between one end and the
sliding contact of the follower potentiometer. This voltage can be
regarded as equal to the functiom~ctt) and this was fed into the
analog computer which carried out the necessary calculations.

It should be noted that the X-Y recorder, which is an acces-
sory of the computer type MEDA 81 T, can also be utilized as a
curve reader. Accordingly, the records representing the results can

be used in the calculations.

CALCULATIONS

1. Pulse-like Input Signal. The first momentum gives the mean

value of the distribution, ‘which in case of & c(t) distributicn

function is identical to the mean residence time (t):

]

t e(t) dt ' =
- = J t c(t) dt (5}
 Jf c{t) dt e

o]

t =

The variance ¢2 can be calculated from the experimental data

according to the following formula:
J[t2 c{t) dat
- [¢]

J[c(t) dt

o

a2

The central variance °§ is, from the above:
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2. Jump-like Input Signal.

+he momenta is carried out as fol

The
{23,

definition of the mean
Eq.-

) grt d c(t)
= —
o

t

The mean vresidence time cannot

puter. The independent variable
integration can be carried out on
sions referring to a Jjump-like i
such a way as to contain integrat
When taking Equation (u4) in

be resolved into two parts:

jF th C(
o] [}

In accordance with practical cons

t d F(t)

“carried out until infinite time,
is chosen a* which the value of
r(tm)

1. Consequently the value

t
m
_ 8["C(t) dat
+t =2t - ——
m [<
]
Thiz expressicn enables the
from experimental data by means ¢©

the ca

F{t)

P. ﬁrva'

In this case, the calculation of
lows:

residence time is, according to
J ta F(x) (8)
¢]

be determined with an analog com-

is always time and, consequently
ly according to time. The expres-
nput signal must be transformed in

ion according to time.

to consideration, Equation (8) can

t) dt

[t F(e)] - [F(t) at

o e}
iderations, the integration is not
but a sufficiently large t value

P(t*r)
of the integral is

is practically identical to

t
m

and

(9)

caiculation of the mean residence time

f an analog computer.

iculation of the variance is the
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which,transformed in a way analogous to that described in the forre-

going, can be brought to a form allowing the calculations:

t
m
‘/‘t c(t) dx
S — (10)
c
o]

Similarly, for the central variance we have:

jmt c(t) dat

=2 - 2% %2 _ (11)

C
Q

g2
ad

The following experimental data have to be known to calculate the

integrals described in Equations (5), (6) and (7), as well as (9),
(10) and (11}:

Pulse-like ) Jump-like
input signal: input signal:
t) dt = I} N
?./C( ) 1 o, = Y7 (12)
& rm
Jtelt)dt = I Joele) de = ¥ (13)
o &
® ~T ‘
ftz e(t) dt = I J tclt) dt = Y] (1%)
4 3

Direct calculation of these quantities was also possible if
time t was at our disposal in the form of a potential. This method
permits a voltage proportional to time to be produced. Indicating
the voltage proportional to time by U,:

u, = K -t ) , (15)

and this is the solution of the following differential equation:

d Ut
= Ky and Ug(o) = O (1s)

dt
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Accordingly, the function U, (t) can be produced with the
programme sShown in Fig.k.

’ +10V

Fig.h, Programme for the production of g voltage proportional to
time. ’

After this, +the necessary integrals can be calculafed. The
computer programme is shown in Fig.5. Constants kiy ka, kg and ky
are scale factors. Their values are to be set during +the measure-
ment in such a way that the potential produced at the computing
units should not be higher than that compatible with the computer.
Fig.5.  indicates on'which units the values of the integralé are
read. These do not directly give +the values {12}, (13) ana (14),
but rather their bProducts with a constant:

. =1

Il T ——
ky

I§ = :2
Ky kz*

w3y <. -

- i3
% kg

- " . . N "
The valuves df f1s Iz and I, are pead from the computer at the end

»

of the experiment and the momenta can be calculated with the fol~
lowing simple 2guations:

in the case of z buise-like input signal:

Ko 12

{(17)

cp ke I
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ko I3
g2 = - (18)
ky k3 I '

In the case of a jump-like input signal:

- Y, -
t = tm - (19)
¥,
Y3 :
62 = t2 - — (20)
] Tk kY

The response curve obtained with a pulse-like input signal
together with the calculated values, based on experiments carried
out with a packed column, are shown in Fig.6.

c(t)

/
Fig.6. c¢{t) curve obtained from the analog computer and result of

the calculation in the case of pulse-like disturbance

Iy = 0.108 £ = 43.9 sec
I, = 0.237 62 = 2088 sec?
3 = C.3

e Gz = 163.4 sec?
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The response curve obtained with a jumz-like input signal,
as observed in experiments carried out with a liguid phase stream-

ing in'a rotating film-reactor, are showr in Tig.7”.

S c@®)

Fig.7. c¢(t) curve obtained from the computer and result of the

calculation in the case of jump;like disturbance

Y; = 0.067 Tt = 29
Y, = 0.489 02 = 116k
Y3 = £.296 ag = 135

Calculations can be carried out by the ccmputer simultaneous-
ly with the measurements.The integrals I;, I, and I, as functions
of time, are present in the computer and their values can be read,-
printed out or recorded continuocusly.
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According to the discussed method, the analog computer can
be applied to construct the functions themselves. For example, in
the case of a pulse-like input signal, the value of the integral It
ig proportional to the functions F(t) and I(t) (cf.Table 1.), since
the function F(t) can be expressed in the following form:

t .
Jett) at I; (1)
F(t) = 2 = (21)
c(t) dt  I; (=)

Consequently, the function F(t) can be directly obtained from the
computer or recorded in the case of a pulse-like input signal.

LIST OF SIGNS

C(t) density function of experimentally determinable residence
time distribution (seé_l)

e(t) response function furnished by the operational wunit wupon
disturbance (moles/m3)

SR the value of the jump in the case of jump-like disturbance
(moles/m3)

E(t) density function of resi ime distributi -t

y Tunction of residence time distribution (sec ™)

F(t) di.tribution functien of residence time (dimensionless)

I{t) age distribution function (dimensionless)

I value read on analog computer (cf. Fig.5.)

I, value read on analog computer {cf. Fig.5.)

I3 value read on analog computer (cf. Fig.5.)

I cf. Eguation (12)

I3 cf. Equation (13)

I3 cf. Equation (14)
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ky, kz, k3, ky scale factors (cf. Fig.5.)

t

A(t) intensity function (sec”

time (sec)

mean residence time (sec)

volume of operational unit (m3)
volumetric flow rate of phase (m¥/sec)
"amount of pilot substance injected (moles)
cf. equation (12)

cf. equation (13)

cf. -equation (1u4)

1y

second momentum (sec?) or variance

second central momentum (secz)
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PE3IME

AsTcpamu onucaH MeTOS W3IMEePEHWA W BHMUCNBHWA, NPUrOgHLA ANA
CO34aHWA HEMNOCPEABTBEHHOW CBA3W Meway nwbuM 318MEBHTOM MPOUECCa H
adanorosor BM. B HavecTEe npumepa NOKA3aHO BHYMCNBHWE W OUEBHHKAE
pacnpeaenexna spemeHn npeCLBaHMA MMAHOCTHM B cnydvas abcopbepos.

B cBAaM c 3TuM uameHeHH BupaweHus, o6pasosaswMecA ANA
pacnpenenexHs BpemMeHu nNpebuBaHWA, “ OHW MNpPEeBpaweHs TauuM crnoco6om,
4T00u Be3ge CHHrypUPOBANWCL BENHYMHE,HENOCPEACTBEHHO BBOAMMuLE B8 BM,

MlsawmMywecTeoM METOAa ABNRETCA er0 BHCOHAR CHOPOCTh, TaW Kak
BHYMCNEBHUA BLNCNHANTCH OAHOBPEMEHHO C ofnwTamu. Hpome 3Toro, AaHHLM
METO4 MpHroded H HenoCpeACTBEHHOMY BBefeHWlo B8 ABM  nwboi  gpyron
N8pEMBHHON, NPEBPATUMONM B 3NEHTPHYBCHOE HanpPAMEHWEe. Tau, Hanp.,
M XpoMaTorpad MOWHO HENOCPERCTBEHHO MNOAKNOYMTE H aHanoroeoik ABM.

No 3TOMY MBTO4 RBAREBTCH 8Ce006WHM U C TO4YHH 3PBHHA TEXHONOMrHYEeCHOro
BRINOTHEBHKXA , .




., Hungarian Journal
of Industrial Chemistry
Veszprém

Vol.l. pp. 17-30 (1973)

ALGEBRAIC DESCRIPTION OF.TECHNICAL CHEMICAL
SYSTEMS I.
THE SIGNiFICANCE OF MODERN ALGEBRAIC MﬁTHODS IN
CHEMICAL SYSTEMS ENGINEERING

T. BLICKLE

(Research Institute for Technical Chemistry of the Hungarian

Academy of Sciences, Veszprém)

Received: Juner30, 1972.

The series of papers entitled algebraic descrip-
tion of technical chemical systems has the following
chapters: .

material systems and transformations,

combination and projection of material systems,

technical chemical operators,

-compositions of technical chemical operators,

generalizetion of the set of technical
information.

The poésible applications of systems theory,
systems|engineering’ and modern algebra in technical
chemistry are discussed in the introcductory paper, and
the position, assignments and expected results of the
algebraic treatment are defined. The following tasks
are encountered in the study and optimalization of
technical chemical systems:

1. Qualitative description and study of technical

chemical systems. )

2. Study of the functions interpreted on techni-
cal chemical systems and of the connections of
these functions with one another.

3. Optimalization of static systems.

4. Description, control .and optimalization of
dynamic systems.

Modern algebraic methods of treatment are adequate
for the solution of the first task, a fact that will be
confirmed by later papers to be published in this series.
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INTRODUCTION

The task of every technical science, and also of technical
chemistry is the study of material (or energetical) systems, which
- directly or indirectly - serve to satisfy some sort of demand.
Accordingly, the task of technical chemistry is the study of sys-

tems, which permit the production of a product or final product of

the desired properties from the raw material.

Prior to their design, the systems have to be vigorously stud-
ied. The claims defining the final product and the transformations
producing it must be defined and a theoretical model must be con-
structed in this manner. The elements of the theoretical model must
be scrutinized with regard to the conditions of their realization.
When, during the analysis of the theoretical model, the '"building
bricks" of the system are reached, the physical entities corre-
sponding to these must be found,i.e. the system that is found to be
adequate from a theoretical point of view, must be "questioned",
bearing in mind the problems of practical realization. The next
step is the task of synthetizing, building up the complex physical

system and its study while in operation.

In the study of both the theoretical model and the actual
operating system as a whole, the treatment based on systems theory

is of considerable assistance.

General systems thecry was introduced by the Jjustified
endeavour towards uniform science. There is no intention here to
describe *the individual trends, but a few basic concepts taken from
the introduction to the selected essays on systems theory,published
in 1971 are quoted [11: k

"... Operation research deals with the operation of existing
systems, whereas systems engineering is the totality ¢f methods used
for designing systems. The two approaches cannot be sharply separa-
ted in practice, and from a theoretical point of view they converge

tc the general systems theory.

- The first step of systems engineering is: specifization  of

what is demanded, and the definiticn cf the claims.
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- This is followed by modelling and identification of the
given parts of the system. The variables should be chosen
and the equations describing their connections should be

established.

~ The next step after analysis of the equations is the syn-
thesis,i.e. a description of the model of the whole system
in accordance with the previously established specifi-
cation. Systems synthesis mainly consists of the theory of

optimalization.

- Finally, the last step of systems engineering is the de-
signing, i.e. the decomposition of the model obtained dur-

ing synthesis to its physical components".

It is apparent from the foregoing that the formulation of the
problems 1in accordance with systems engineering and the level of
demands, which at the present time is a necessity in the study of

technical chemistry, have to conform to each other.

The idea of applying the results of systens theory and sys-—
tems engineering in technical chemistry seemed self-evident, be-
cause the results obtained in this way are of general validity and

can be utilized in other fields of science.

In order to be able to characterize the technical chemical
systems and their characteristics, their mathematical models must

be established.

The totality of physically or mentally encompassed elements,
in which the elements are in a direct or indirect relation to any

of the others, may be defined as a system.

It is an unequivocal fact that technical chemistry deals
with materials. These materials in themselves can be regarded as
They represent the manifestation of a number of material
relations between these properties

of the material

systems.
properties, there are certain
and accerdingly they can be regarded as elements
systems. The totality of these material systems - including also

raw materials and final products - comprises the set of material

szstems .
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Chemical technology produces different materials (products)
from the given elements of a set of material systems, i.e. it pro-
iects The set of material systems upon itself. In mathematics such
a system is termed an operator, and accordingly, in the following a
system producing a final product from a raw material is termed a .
chemical technological operator. A system of operators possesses a
definite internal structure. In a similar manner to that applied in

the case of material systems, a set of technical chemical operator

systems can be defined.

a of a concrete technological process, a
connection 1is estabiished betwesn the individual elements of the
cribed in the foregoing. The system produced in this manner

whizh includses

- ——

c(t)
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T existential parts. (1) is the totality - of the elements of the
system which are necessary for the operator function, whereas T
represents those necessary for the existence of the éystem. {t) can
be resolved to two operators: P1 and py. The systems are regarded
as function systems, so that A corresponds to a(t), B to b(t) and
C to c(t). Any changes in a(t) act upon c(t) through operator P1s
and upon b(t) through operator p, (where t is time). 1In general,
when studying a system, it was only the function systems and their
connections which were studied, and very rarely the structure of
the system. However, in our opinion, the latter is the first step.
It must be known first, what sort of an operator is adequate to
transform system A into system B; knowledge of the concrete func-

tion connections comes only after this.

With regard to the foregoing, the main points of view and
characteristics of technical chemical systems theory can be summa-

rized in the following.

1. Algebraic description

The process of the satisfaction of the demand can be regarded
in the following manner: a system of r, initial state (state of
unsatisfied demand), upon the aetion of the final product Av - as
an operator - becomes state T (state of satisfied demand):

Ay Ero-_J = I, (1)

A demand can be e.g. the depression of the temperature of a patient

in a feverish state. In this case

r, - is the feverish state,

r, - is the normal state, .

operator A - is a pharmaceutical product,an antifebrile medicine.

A quantitative and economic description of the satisfaction
of the demand can be expressed by the expenses of the satisfaction

of the specific demand:
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Nroo= Ga)) . Nt(a,) (2)
where
Nr - is the expense of satisfaction of the specific
demand,
G(Av) - is the amount of product needed for satisfaction

- of the specific demand,
NI(AV) - 1is the expense of the final product.

Accordingly, the task is to design an Av material system
which is capable of bringing the passive system from the state r.

to state T with a minimum expense.

The final product Av’ which satisfies the demand, is produced
from the raw material Ao by the action of the technical chemical

operator T:

T[a,]= A ‘ (3)

Consequently, the process in which a demand is satisfied can
also be regarded in the following manner: the passive system in
state T is brought to state r, by the joint action of the raw
material Al and the technological operator T. Accordingly, the

following is gained by uniting Equations (1) and (3):

t{allr] = 1, ()

It is apparent that the expenses of the satisfaction of the
demand depend on the raw Mmaterial and on the technological process
used. If the A, raw material is given - and this is the most
frequent-case - the technological process involving a minimum of
expense can be found.

Technological processes are built up of technological stages
and accordingly the technological (technical chemical) operator
can be resolved into part-operators.

. The operator Rj;, which carries out the first technological

stage, transforms the raw material Al into an intermediate product

A1:
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Rl[AO] = AI (5)

In the second technological stage, material Ay is transformed to

material A, by the action of operator R,:
Rz[AIJ = Az (6)

and in the n*P stage:

RIA .1 = A (7)

n 'n-1 v

Accordingly, the total technological process can be described by:
I R.[A T = A (8)

It follows from the foregoing that the technological process is
defined by the following facts: operators that realize the techno-

logical stages to be employed and in what order they are employed.

Technical chemical operators - as opposed tc mathematical

operators - possess a unique structure, which can be characterized

by the following formula:

R [v, A, R]
where
V - is the transformation realized by the cperator,
A - is the material supply of the operator,
R - is the totality of the operator elements necessary for

the operator to exist, i.e. existential structure
(e.g. apparatus).

This form of representation differs from the usual methemat-

ical representation, but it seems reasonable to immediately write

after the operator its structure in brackets, rather than the

material system upon which it acts. This form of representation

will be used in the following. The transformation of the material
System upon the action of the operator will be designated in the
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followiﬁg manner:

or

A+ Ry = A (10)

These equations express the same facts as equations (3) and
(5), written in the conventional form.

The transformation of the material system may proceed in
time:

A, + Ry = A ' (11)

where

Ao ~ is the material system introduced at the beginning,
Atv - is the material system taken away after the transforma-
tion,

or it may proceed according to place:

Ayy * 31 = Ayv (12)
where

Ayo - is the input material flow,

Ayv - is the output material flow.

If changes occur with respect to both time and place (unsta-
tionary system), the following can be written:

Ay +'Ayo tRO= AL AL (13)
By studying their structure, the operators that realize the
technological stages can be resolved to further components.

Operators which bring about one single elementary change
- upon whose action only one property of the material system 1is
changed - are termed elementary operators.
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Technological stages that include more than one elementary
change can be realized by a composition of elementary operators.
Operator systems constructed in this manner can be classified into

two main groups:

1. The two or more operators which form the operator system
- and whose existential structure is identical - act jointly in

space and time.
Ra EYa’Aa’R;]A Rb [yb’Ab’R;] = R[Ya A Vb’Aa A Ab’R;] (14)

This group comprises:

operators of total change,

composite operators.

l.a) Operators of total change are encountered if an elemen-
tary operator - due to the permitted single--change - would lead
to production of a non-existent, fictive material system and
consequently the action of further eleﬁentary operators is neces-
sary to obtain a real, existent material system. The operator of
total change is the combination of the minimum number of elementa-
ry coperators which permit production of a non-fictive material sys-

tem as a final product.

For example, the preparation of solid crystalline material
from a solution may be regarded as the result of four elementary
changes:

separation of material from the solution,’

attainment of the crystalline structure, .

attainment of form,

attainment of dimensions.

The first operator, which makes the material to be separated from
the solution, 1leads to a fictive system, since there is no solid
matter without form and dimensions. Accordingly, in this case the
operator of total change comprises four elementary operators.
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l.b) If there is no fictive material system among the pro-
ducts of the elementary operators acting together, a composite

operator is encountered.

2. The existential structure of the elementary operators is
different, the action of the operators is separated in space or
time, and any connection between the operators can be vrealized
only through the material system. Depending on the fact, whether
the material system ensuring the connection is variable in time or
space, we can speak of an

operator block and,

an operator series.

The continually more sophisticated systems, ranging from the
elementary operator to the operator series, can be resolved to

elementary operators.

Such a resolution of the technological stages and the defi-
ning of the possible types of operator structure represents the
qualitative description of technical chemical operators.

2. Analytical description and optimalization

The quantitative description is obtained if the X1s X250 -X)
functions =~ their total number being np - are interpreted in
connection with the elements of the operator structure, and the z

function in connection with the change V. The number of the connec-

tions between the functions is n -

The number of free functions is:

ng - oMy (15)

The solution of the ny functions for a system of elementary
change is

£i[Zs xus Xas eew x, AT, AT, R (16)
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where
At - is the auxiliary material,
A'''" - is the packing material.

In the case of any type of systems of composite change the follow-

ing is gained:

RF.[REy, R £5, ... z, A Al (17).
where
Ar -~ is the recirculated material,
At - is the block auxiliary material.

The expense function will now be consideped in connection

with the system of elementary change:
Nfi EZO) 2,9 X115 X235 ... xna A, A”'5R] (18)

by defining the auxiliary materials R", 1% and the structure ﬁ,
the optimal values of the free functions can be obtained:

NE; (205 2,0 R1s Raw e ko R00, R, €] (10

If the most preferable auxiliary materials and structures are
chosen, the optimum function of the system of elementary change

will be

ﬁf.(z s Z_) (20)
i‘%e? v

The expense function, considered for a system of composite change,
is

NF (N £, Nfa, .. 2, 2, A,y A) (21)

When the preferable values for Av and At are chosen:

N 22
NFi(zo, zv) (22)
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The permutations of the isomorphous operator systems are the fol-
lowing:

e,i

N . = ﬂFl(zo, zy) + ﬂFz(zl, Zp) + ... ﬁFJ+1(zJ, Zv) (23)

When the most preferable permutation and optimal zl-zJ values are
chosen:

N (2,5 2,) | (24)

The permutation of the operators of different changes gives the
expense of the technological system:

D s N (P A A o (28)

where PM represents the permutations, the various permutations

being the technological procedures. When the most preferable are
chosen from among these:

NT(AO’ AV) . (26)

and an adequate starting material is chosen:

a

Nt(A)) : (27)

Returning to equation (2) and taking (27) into consideration, the
expense of satisfying the specific demand is obtained:

NT = G(Av) . Nt (Av) ' (28)

To find the Av pertaining to the minimal NT; this is

-

NT

which was the original task.
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So far it was not mentioned that part of the functions inter-
preted in connection with qualitative elements does change or
fluctuate in time, even in the case of systems of continuous opera-

tion (e.g. the temperature of input cooling water).

The task of process control is to change a second input
signal, 1in the case of variations in a first input signal, in such

& way as to have an unchanged output signai.

If there are fluctuations in the input signal - to keep these
fluctuaticns between given limits is the controlling task - the
optimum defined in the foregoing, together with the expense pertain-

ing to the oprimum, will also be changed. The smaller the fiuctua-

Tion, the lower the original expense of the system; at the same
pe 3

ratiocn, intended tc decrease the fluctua-

Time, the contrelling o

D]

zions In the input signal, acts as an expense-increasing facto

the preferable contrel degree must be faunc pw

regarded as

e
to attain minimal total

t important gu

in connecticn with

2. Study of the functions

Technical chemiczal systems and of the connections of these ‘unc-

of dynamic svstenms.
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PE 3OME

B cepun cooBueHui noj 3arnasvem”AnrefpanyeCcHOe O0MUCaHWe Cuc-
TEM TEXHWYBCHON XWMHM" NPELNOAOKMEHO ABTOPOM 33HWMaATBCH CABAYOWHAMH
pazaenamu: .

MaTepHanbHbe CUCTEMH H NPEBPILEHHA,

06bE8AHUMEHHE METepuanbHuX CHCTEM W WX MPOEHUHWA,

0NepaTops TEeXHMHYECHOW XHUMHM,

HOMMNO3HUMA ONePaTOpPOB8 TEXHWHECHOW XHMHUH,

FEeHEpUPOBAHHE MHOMEBCTB HHOOPMAUMH TEXHWUYECHOW XHMUH,

B 8804HOM Ny6AMHKAuWW NOHA3aHH BO3IMOMHOCTH NPUMEHEHWA TeopemMs
CHCTEM, CUCTEMOTEXHWHW W COBPEMEHHOW anreGpo B TEXHHYBCHOW XUMHW,
w onpeaeneHs MECTO, 3ajadYd W OHMMAEEeMbe Pe3yncTaTu anrebpanyecHoro
cnocoba nogxofa. [(Ipy M3y4EeHHM M CATHMUIAUWM CUCTEM TEXHHUYBCHOMN
XMMHK NPEACTOAT Cheaywude 3afaHHA:

1. Ha4ecTeseHHOE OMMCaHWe CHCTEM TEXHWYECHOM XHUMHH H MX HCNET3HHE.

2. M3y4eHue OQyHHUHH, AENCTBYOWMX B AAHHOW CHCTEME TEXHWYECHOW
XUMHUH, @ TAHWE M MX B3aWMHLX CBA3EH,

3., ONTuMH3aAUHMA CTATHHECHMX CHCTEM.

4, OnucaHue [UHEMUYECHHX CHCTEM, WX YNpasneHWe W ONTHMU3AUHWA.

Ongs peweHWA NEpBON M3 YHAZAHHEX 33434 HCHAKYUTENLHO NPHUIOABLM
ABnAeTCcA anrefpand4ecKuin cnoco6 nogxoga, Hak 3To O6yAeT nNpeacTasBAeHO
8 CnejywoumMx COOOIEHHAX CEePHH.
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Knowledge of the expansion of fluidized 1layers
is important both with regard to calculations connect~
ed with heat and material transfer processes, and for

apparatus design. The expansion of the layer can
- among others - ©be characterized by the void frac-
tion of the fluidized bed. The determination methods

of the void fraction can be divided into three groups:

a) those applicable in the case of fluidization
with a iiquid or a gas,
b) those applicatle only in the case of liquid flu-
idization,
¢) those applicable only in case of fluidization
with 8 gas.

The authors describe the measuring technigues
published in literature according to the asbove group-
ing. A report is presented on the research work carri-
ed out to investigate the applicability of measuring
technigues, the elaboration of new techniques, and to
improve those already xnown. The conditions of the
applicability and the zossibilities c¢f methods for the
determination of the free volume ratioc are summarized

in a tabular form.

d layers is the degree

ransion can be charac-

minimum height of layer ra-

«3

4]

i

a
aver and by the veid fraction.
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height of the layer/the minimum height of layer ratio - if the
weight of the layer, and the characteristics of the particles and
of the apparatus are known - and the density of the layer - if
the densities of the solid and the fluid are known - can be cal-
culated from the void. fraction; accordingly, the knowledge of the
free volume ratio is sufficient for characterization of the layer
expansion.

The clearing of the conditions of the layer expansion is im-
portant - both from the point of view of the calculations of heat
and material transport processes, and from that of apparatus de-
sign. In addition to measuring techniques for the determination of
layer expansion (void fraction), in the present series of papers
the following problems will also be dealt with: characteristics
and calculation methods concerning the expansion of layers fluid-
ized with a gas or liquid, the influence of auxiliary processes
(e.g. mechanical stirring, etc.) on layer expansion, and other
hydrodynamic problems. ) '

Numerous techniques are known for the determination of flu-
idized layer expansion. These can be divided into three groups:

a) those applicable in the case of fluidization with a
liquid or gas,

b) those applicable only in the case of fluidization with a
liquid, and

c) those applicable only in the case of fluidization with a
gas.

In the following, the determination methods of void fraction
published in literature will be described in accordance with the
above grouping. The new techniques that have been elaborated and

the improvements carried out on existing techniques will also be
dealt with.
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a) The Void Fraction Determination Methods in the Case of

Fluidization with a Liquid or Gas

Determination of Void Fraction on the Basis of the Layer Height

The.simplest and most frequently used method for the deter-
mination of the void fraction is that based on the measurement of
the height of the layer. This can be  used both in case of liquid
‘and gas fluidization. ' '

The calculation directly follows from the definition of void
fraction:

e L — | (1)

If the volumes of the éolid material and layer are expressed, af-

' ter rearrangement the following is gained{

s - Y - F (2)

By means of Eq. (2) fhe veid fraction can be simply calculated
from the characteristics of the layer, the solid pdrticles and the
apparatus. ' ’ )

During the experiments a large number of measurements were
made with various solid materials, liquids and gases. The method
based on layer height determination gave very good results in the
cases of liquid fluidization, whereas in case of gas fluidization
its accuracy.w;s poor, because the boundary of the laygr'was not
sufficiently sharp and consequently the determination pf the layer
height was difficult. A further drawback of this method is that

only the mean void fraction .can be determined.
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The experiments - including the parallel determinations -
led to the conclusion that both in liquid and with a gas fluidi- .
zation the scattering of the measured void fraction values vary.
depending on the extent of layer expansion and three qistinqt

ranges can be defined.

In the case of fluidization with a liquid, the first stage
of layer expansion - where the range 0.50 < E; < 0.65 is valid -
the scattering of the wvoid fraction wvalues is relatively high,
about * 2 %. Although the layer height is well defined, the influ-
ence of the low reading error on the void fraction can be strongly
felt. 1In the second. stage of expansion 0.65 < Eé < 0.75 the scat-
tering of the measured values is lower, about # 1 %.In this range,
the upper boundary of the layer can be well determined and, the
small reading error has no significant influence upon the deter-
mined void fraction values. In the third range 0.75 < E% < 0.9 the
upper. boundary of the layer tends to diffuse, because upon the in-
crease of the flow velocity, the smaller particles reach a state
of levitation. Considerable errors in the measured layer height
are possible, which result in an increased scattering of the void

fraction values; the scattering is about *t 2 %.

In the case of fluidization with a gas, the scattering of
the veoid fraction values is gernerally higher than in the case of
fluidization with a liguid. In the first range 0.5 < E; < 0.6
the scattering of the values is ¢ 2 %, this figure being eéual to
that measured in the case of fluidization with a liquid. The layer
is relatively well defined and the layer height can be easily de-
termined. In the second range of layer expansion 0.8 < E% < 0.8

+ 3 %, and a
thin layer is formed whose height can be measured only with consi-
derable difficulty because the bcundary of the layer is diffuse
and variable in time. In the third range 0.8 < £ < 0.9 the

Y
scattering of the results is lower, about * 2 %, despite the fact

the scattering of the values is large, it amounts to

that the dZeterminaticn of the layer height is no better than in
the previous case, only the same fluctuations in layer height man-
1

ifest themselves to z lower degree in the void fraction value.
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Despite the drawbacks described in the foregoing,

35

the void

fraction values determined with other methods or calculated with

various equations ape generally com
layer height measurements, because the latter
Plest and most reliable of all the methods

parable with those obtained by
method is the sim-
known for the determi-

nation of void fraction, provided that adequately trained person-

nel carry out a sufficient number of determinations
plication of glass apparatus is possible. THe method is based, in

accordance with the definition of void fra

ment of the layer volume.

Determination of Void Fraction Based on_the Measurement

of a Pressure Drop in the Fluid [i, {]

A technique was elaborated for the determination of the
fraction in fluidized layers, based on the-measurement of the
As it is known, the pressure

sure drop in the fluid [1, 21.

of the fluid across the fluidized layer is
layer weight with reference to a unit cross se

G vy-Yy
Ap - N
Y F Y
Or, in another form:
apy = Y(1 - &) (y

- Y’)

nearly equal to

and the ap-

on the measure-

void

pres-

drop
the

(3)

(4)

EqQ. (4) could be applied for the calculation of the void fraction

only if the height of the layer was also measured.

the

latter value enables the free volume ratio to be calculated with-

Out measuring the pressure drop.

If a suitable pair of static pressure-sensing tubes are pla-
ced into the layer in such a way that there is a height difference

(y) between their positions, the

pressure drop in the fluid along
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a given length of the layer can be measured. If this pressure drop
is expressed in accordance with Eq. (4), the following is gained:

bp, = ¥l )y - ¥ (5)

Eq. (5) could be directly applied for the determination of the
free volume ratio on the basis of the pressure drop in the fluid.
However, the following experimental, empirical finding should be
taken into consideration. If the pressure dreop values of the fluid
across the fluidized layer obtained by actual measurement are
compared to those determined on the basis of the layer weight
according to Eq. (3), it is seen that the two sets of values are
not always in exact agreement. In the evaluation of experimental
results, a difference of about + 5 % was found between the meas~
ured and calculated data in the case of liquid fluidization;in the
case of gas fluidization this difference may be as high as * 20 %.
This error can be eliminated, if Eq. (5) is divided by Eq. (3),
since the equation so obtained takes into consideration the devia-

tion of the pressure drop from the theoretical value:

» G AP
€4 = 1 - P A (6)
P

yyF APy

The void fraction of the fluidized layer can be determined to a
satisfactory accuracy by Eq. (6).in a given place of the layer, if
the pressure drop is measured across the whole layer and across a
length (y) at a given plade of the layer [2,3].The accuracy of the
method can further be increased if the pfessure drop across a lay-
er of (¥) height is calculated by summation of the pressure drops
measured across portions of the length (y):

i=n

A = I . 7
Py 2 4py4 (7)
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A schematic representation of the apparatus used for the
measurements in connection with the above considerations is shown

in Fig.l. An interesting feature of the apparatus is that condens-

LI I T I T T T I TTIIITITITITIN o
X

Fig. 1.

1 - quantity meter 8 -~ deaeration stopcock
.2 ~ support plate g - oblique-tube type prassure
3 - glass apparatus gauge

bo- cyclone 10 - capacitor plates

5 - effluent 11 - cepacity measuring device
6 - pressure measuring probes 12 - meter

T - scale, subdivided in mm. 13 - potentiometric recorder
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er plates _were placed on the oblique-tube type micromanometer tu-

bes and the capacity - proportional to the displacement of the.
manometer 1liquid - was measured.  The capacity values, which are.
proportional to the pressure drop, were recorded by a potentiomet-~

ric strip-chart recorder,whereby not only the pressure drop values,
but also any fluctuations in them could be determined. In experi-

ments where fluidization was carried out with a gas, slightly acid-
jified water was used as the pressure gauge fluid, whereas in the

case of fluidization with water, carbon tetrachloride was applied.

Pressure drop across the total height of the layer, alorig a 2 cm

portion on its bottom,as well as the layer weight and layer thick-
ness were determined.Knowing the specific gravity of the particles

and the I.D. of the apparatus, the void fraction of the lower part

of the layer was calculated by Eq.(6), whereas the mean void frac-

tion of the whole layer was determined from the layer height value

by Eg. (2).

Fig.2. shows the difference between the mean free volume ra-
tio (determined by layer height measurement), and that pertaining
to the lower part of the layer (determined by measurement of the
pressure drop along a given height) plotted against the mean value
determined by layer height measurement for the case of fluidization
of sand with water and air, respectively. It is apparent from the
Figure that both in the case of fluidization with a gas and with a
liquid there is a difference between the values determined with
the two methods, but this difference is slight in the case of flu-
idization with a liquid.This experimental result is in good agree-

‘ment with that obtained by COEURET and LE GOFF [4], who studied
changes in the void fraction along the axis of the layer - among
other methods - by conductance measurements. They came to the
conclusion that the decrease of voidage along the height axis is
not significant, i.e. the void fraction pertaining to the. lower
part of the 1layer differs (is lower) only slightly from thé mean
value, if a narrow fraction of particles is studied.

It is also apparent from Fig.2. that in the case of fluidiza-
tion with a gas there is a considerable deviation between the com~

pared values.This considerable difference originates from the fact
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Fig.2. o - sand-water system; e - sand-air system

that in systems fluidized with a gas, the mean void fraction is
Substantially different from that of both the dense and the thin
layers, and it was the dense layer in which the void fraction was
determined on the basis of the pressure drop. The difference shown
in the Figure is, to a good approximation, equal to the difference
of the void fraction of the dense layer and the mean void fraction.

In addition to the apparatus described in the foregoing, an-
Other apparatus was constructed in which a pair of probes could be
moved along the height and along the radius of the apparatus,where-
by the pressure drop produced across a 1 cm portion of the layer
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could be determined. The pressure drop was measured by high-sensi-
tivity micromanometers filled w1th alcohol. In the experiments the
pressure drop was measured along the helght and at different dis-.
tances from the axis of a layer fluidized with different air flow
rates. The void fraction values were calculated from the vmeasured
pressure drops with Eq. (6) in such a way that the 4py values were
determined by summation of the measured pressure drop values in ac-
cordance with equation (7).

all =
_ ? ! e 9 X X X A X X X
™ .
a9 3
08
3
é
Q7 :
x
. X
490 X
06 +—3 4 2 i
A 4 4 §
»* % »
05 T t
0 2 4 6 8 ° 1 % » k| 2
Y, cm
Fig.3. Sand-air system.
d = 0.1 - 0.2 nm e - u' = 0.132 mfseec
% < u' = 0.04 m/sec o - u' = 0.265 m/sec
A - u' = 0.067 m/sec x - u' = 0.595 m/sec

Fig.3. snows the mean void fraction values measured at five
different air flow rates, determined on the basis of the pressure
drop at different distances from the middle of the layer, plotted
against the distance measured from the fritted plate, in the case
of fluidization of sand of d = 0.1 to 0.2 mm particle size with
air. It is apparent from the Figure that there is a jump-like chan-
ge in the void fraction values at a height of about 6 cm, as meas-
ured from the fritted plate (Ym = 5.4% cm).
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The mean values of void fractions determined on the basis of
pressure drop measurement at different heights of the layer were
compared to the mean void fraction values obtained by calculation
on the basis of layer height determinations and it could be con-
cluded that the deviation was smaller than + 5 % and consequently
the accuracy of the method is adequate and therefore it can be
applied to the determination of the mean void fraction. The method
described in the foregoing, based on pressure drop determination
in the fluid, are especially important in connection with experi-
ments where the wall of the apparatus is opaque. Both the mean
void fraction of the layer and the dependence of the free volume
ratio dn place can be determined relatively easily and quickly
even in such cases. By means of the apparatus shown in Fig.l. it
is possible to record continuously the value of the pressure drop
and consequently changes and fluctuations of it and of the void
fraction in time can also be recorded. A drawback of the technique
is that the mean void fraction is not determined directly, and the
probes brought into the layer slightly disturb the motion of the

particles.

Determination of the Void Fraction on the Basis of y-Ray

Absorption [5, 6]

A method was élaborated for the determination of the void
fraction of layers fluidized with a gas by application of a radi~
ating isotope [s].

The phenomenon of y-ray absorption makes it possible to de-
termine the thickness and real density of solid and liquid materi-
als as absorbents with reference to the unit area. According to
the basic law of the phenomenon, the y-radiatiun of fYO intensi=~-
ty, having passed a material of p, "surface density”, is

according to the formula:

weakened

“aPp (8)
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By expressing the "surface density" the following Equation holds:

I

Y
- log —2 (9)
a I

v

2.3

Pp -

The void fraction can be calculated from the "surface density", if
the length of the layer (y) in which the y-rays are absorbed, is
known: -
Y
e = 1--EL (10)
pry

The above basic principles were considered in the void fraction

determination based on y-ray absorption.

A chromium-51 isotope was used radiating y-photons of 0.33
MeV energy as a radiation source in the gas fluidization experi-
ments. The apparatus was made so as to allow exact determination

of the position of the practically point-like radiation source in
the layer [5]

An improved model of this apparatus was produced [6]. This
apparatus alsoc enables experiments of fluidization with liquids to
be carried out. In the experiments made with water, a sodium-51

isotope radiating y-photons of 1.27 MeV energy was used as a ra-
diation source.

Accordingly, the determination of the void fraction of a
fluidized layer based on y-ray absorption can be used with fluid-
ization both with a liquid and a gas, and this technique makes it
possibie to determine changes in the void fraction along the ra-
dius and also along the bed height [6]. '

It is a drawback of the technique that due to the radiating

isotope used it requires a "hot" laboratory, and expensive instru-
ments are needed.
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b) Void Fraction Determination Methods in the
Case of Fluidization with a Liquid

Determination of the Void Fraction Based on the Measurement of the

Layer Density [7]

In the case of fluidization with a liquid, the void frhction

of the layer can be determined on the basis of the bed density ([71.

The apparent layer density can be obtained from the- densities

of the fluid and solid material:

b, = e’ p? + (1 - ¢e”)p (11)

By expressing the void fraction the following is gained:

(12)

.Aécordingly, in order to be able to calculate the void frac-
tion, one has to know densities of the solid and the liquid, and
the density of the layer has to be determined. The latter was de-
termined by a hydrometer. This method was compared to that based
on layer height determination; the two methods showed good agree-
ment [7]. The layer density method is very simple. However, it can
be carried out only rarely. It can be used only with apparatus ha-

ving transparent walls and it furnishes information only on the

mean void fraction.In such cases, the method based on layer height
measurement can be applied equally well, the latter method being
simpler and more reliable for mean void fraction determination. A
of the density method is the use of a hydrometer
of the particles and the

larger than that

further drawback
which interferes with the free motion
diameter of the apparatus has to be considerably

of the hydrometer.
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Determination of the Void Fraction Based on the Measurement of the
Conductance of the Layer [7]

In the case of fluidization with a liquid, the void fraction
of the layer can be determined on the basis of the conductance of
the layer [7]. The method is based on the fact that the conductan-
ce of the layer depends on the magnitude of the space between the
particles, because any changes in the voidage also cause the use-
ful cross section to be changed. Having established a calibration
curve, the method is applicable both in the case of electrically

insulating and of electrically conducting solid particles.

An experimental apparatus was constructed, its schematic
drawing is shown in Fig.4. This differs from the apparatus already

6]
\/

5 — ]

b —]

3\

2]

Q=]
3]

Fig.u.
1 - flow meter 6 - eyclone
2 - support plate T - effluent
3 - platinum electrodes 8 - conductivity meter
L - scale, subdivided in mm 9 - meter
5 ~ Perspex glass apparatus 10 - potentiometrie recorder
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described [7] inasmuch as instead of the conductivity meter opera-
ting at 2000 c.p.s. frequency, a special conductivity meter of ex-
ceptionally wide measuring range, operated at 50 c.p.s. frequency
was used. The Perspex glass apparatus was of 5 x 5 cm? crbss sec-
tion and there were platinum electrodes placed -on. the oppoéite
sides in order to measure the conductance of the fluidized layer.

Experiments were carried out with sand and porous burnt
clay fluidized in tap-water. The conclusion was reached that the
current proportional to the conductance of the fluidized layer (I)
divided by the current proportional to the conductance of the lig-
uid (Io) gives, to a good approximation, the void fraction of the

layer:

e} = — (13)

The differences between the respective void fraction values
determined by the layer height measurement on the basis of Equation
(2) and by conductivity measurement on the basis of Equation (13)
plotted against void fraction values determined from layer height
determinations are shown in Fig.5. As it is apparent from the Fig- .
ure, the values determined with the two methods show a very good
agreement and even the highest difference is below * 10 %.

Accordingly, this method can be applied for void fraction

determination in measurements carried out with fluidization with

a liquid. An advantageous property of the method is that it can

also be used with an opaque-walled apparatus, and the result of

the measurement can easily be recorded. Moreover, if more than

one pair of independent electrodes is placed into the apparatus

at different levels, the distribution of the void fraction can

also be determined. The dependence of the void fraction on place

(along the height and radius) can alse be determined in such a
way that an adequately shaped,
conductivity determination. For example,
appara-

movable probe is brought into the

layer and used for
COEURET and LE GOFF [4] used for such experiments, in an

tus for fluidization with a liquid, 10 cm in diameter, a conduc-

tivity probe movable in the layer and comprising electrodes of
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5 mm diameter and 20 mm length, fastened at a distance of 15 mm
from each other. 1In this way, they determined - among others -
variations in the void fraction along the axis of the apparatus.
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Fig.5. O - burnt clay - water system; e - sand - water system.

Despite its numerous advantages, the method can rarely be
applied, because the particles fluidized in a liquid frequently
release components which are ‘soluble in the liquid and alter its
conductance. Furthermore, every change which tends to alter the
conductance of the liquid-br the particles - such as adsorption,
ion excharre, and change in temperature, etc. - naturally inter-

feres with tue method and affects its accuracy to a high degree.
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¢) Void Fraction Determination Methods in the Case

of Fluidization with a Gas

Determination of the Void Fraction on the Basis of X-ray

Absorption [8]

GROHSE [8] proposed a method for the determination of the
voild fraction based on X-ray absorption. The basic principle of
the technique is similar to that using the absorption of y-rays
emitted by a radiation source. The X-ray absorption method cannot
be easily realized in practice because it necessitates an expen-
sive apparatus. In addition to the above, the place requirement
of the method is high, and due to the radiation hazard it pe-
quires a separate laboratory to be established. These factors

contribute to the difficulties of sprending of the technique.

Void Fraction Determination Based on the Measurement of Layer

Capacity
zabaclty

The void fraction at various places of a layer fluidizea
with a gas can be determined in the following way: small pairs of
Capacitor plates are placed into the layer and the
these condensers is determined [9]. If the capacitor p e
sufficient small, the distribution of the veoid fracricn aliong the

radius and the height can also be determined.

Void fraction determination technique based on the

. it cossible o des
7easurement was improved so as to make it pcssible

The essence

“he  void fraction of the whole layer [1C]. Th
TeTthod is as follows: capacitor plates were p.aced on two opposi
“alls of the Perspex glass apparatus of rectangular Cross-

P 5 -
nd an overflow tube was applied over the capaciter p

m

@]

. . . -~ N +
2Pacity determinations were carried cut according te
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system, but the details will not be dealt with here. The results
of the capacity measurements enabled the void fraction of the flu-
idized layer to be calculated, as well as the height and void
fraction of the dense and the thin layers, respectively [@O, li].
It was found that the vrelative error of the experimental void

fraction determinations was * 5 %.

It is easier to carry out the technique based on capacity
measurement in the laboratory than either of those based on y-ray
or X-ray absorption. The capacitive method can also be used with
apparatus whose walls are opaque. Despite the advantages detailed
in the foregoing, this method is rarely applied, partly because
it requires instrumentation and partly because the measurement is

rather cumbersome and time-consuming.

The conditions and possibilities of the application of the
different void fraction determination methods are summarized in

Table I.

Used symbols

d particle diameter (m)

cross section of apparatus (m?)

]

G weight of solid particles present in the iayer (kp)

I current in the case of a fluidized layer {amperes)

I, current in the case of pure liquid (amperes)

IY intensity of y-radiation after absorption (counts ‘=2c)

IY intensity of y-radiation before absorptiocr /counts/sec)
U’o linear velocity of fluid as referred to the total cross

section of the apparatus (m/sec)
v volume of solid particles present in the layer {m¥)

v volume of the layer (m?)
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given distance along the height of the layer (m)

height of the layer (m) .

mass absorption coefficient (m3/kp.sec?)

density of solid particles (kp/m3)

density of fluid (kp/m3)

pressure qPop of fluid across a length y of the layer (kp/m2)

pressure drop of fluid across the total height (Y) of the
layer (kp/m?) '

value of voidage at a given place of the layer {dimensionless)
calculated mean void fraction of the layer (dimensionless)

void fraction calculated on the basis of the conductance of

the layer (dimensionless)

mean void fraction determined on the basis of the measurement
of the layer height (dimensionless)

void fraction determined on the basis of y-ray absorption
(dimensionless)

void fraction determined on thé basis of the pressure drop

measurement in the fluid {(dimensionless)

void fraction determined on the basis of the layer density
measurement (dimensionless)

density of solid particles (kp sec2/m")
density of fluid (kp sec2/m4)
density of fluidized layer (kp sec2/m%)

"surface density": mass of the solid particless with reference
to a unit surface area (kp sec?/m3)
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PE3KME

3HaHWe pacnpoOCTPaHEHWA . NCEBACCHMUMEHHEX CNOEB ABARETCH BaMHLIM
C TOYEeH 3IPEHMA Hak pacyeTa MPOUECCOB Mepejayu Tenna v MaTepuanos,
TAK WM NPOEKTHPOBHM YCTaHOBOH, PacrnpocTpaHeHue cnos — MEMAY
NPOYMM  — MOMHO XapakTepu3oeaTes Joned ceoboancro obfkema. MeToau.
NOAXO4AWME H M3MEPEHHWK AONM CBOoGOAHOro ofbema MOMHO NoApa3dennTe 8
TpM rpynnu:

a/ NPHUMEHMMLE MpW GANUAM3ALMM HAK C MWLHOCTbLI TaH W rasom,

6/ NPUMEHMMHE TONBKO NpH GAKWIAM3AUHWK C MUAHOCThID,

8/ NPUMEHMMHE TONLHO MNPW GAKKMAM3aEUMM C Fa30M.

Haxogumee B nauTepaType MeTo4s M3MEpPEHHA OnMcaHe AaBTopamd a
YH@3aHHOU FpyNNUPOBHE, Janee AaH MMM OTHET O pe3yibTaTax Wccaeno-
BATENLCHON paboTh, BHNOAHEHHOM NO MCNETAHWIO MPUMEHWMOCTH MEeToL0B
W3MEPEHWA, MO pa3paboTHE HOBHX METOA0B W3IMEPEHHA W YCOBEPWEHCTBO-
8aHWI0 M3BECTHLX MEeToA0B. YCNOBWMA W BO3IMOWMHOCTHM NPUMEHEHWA MeTo008
onpeneneHus Aonu cBoBofHOro ob6beMa cocTasners 8 Tabnuuye.
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Propylene reacts with H, and Rh,(CO);; at room
conditions to yield butyraldehydes and Rhg(CO)jg. With
higher olefins, isomerization and hydrogenation are
observed as side reactions. The rate of butyraldehyde
formation is of the first order with respect to
Rh,(C0);, and Hy, .and is inhibited by CO, when the
latter =~ if present - is incorporated into the reac-
tion product and partially converts the system into a
catalytic one with regard to rhodium. The rate deter-
mining step is apparently the reaction of Rh,(CO}y2
with Hy; to give mononuclear rhodium cartonyl hydrides
and the hydroformylation of propylenme is accomplished
by these latter species.

The hydroformylation of olefins with rhodium as catalyst [1]

is of considerable potential industrial importance because of the

high activity and good selectivity of this metal compared to the

classical catalyst cobalt. The kinetics and mechanism of hydrofor-
mylation in the presence of Rhy{(C0);, has been studied [2], but up

e —————
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mylation and Related Reactions,31.5-2.6.197

®%Research Group for Petrochemistry of the Hungarian Academy of
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Symposium on the Chemistry of Hydrofor-
2,Veszprém (Hungary).
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to the present time many details of the reaction sequence have re-
mained obscure. It is therefore of both theoretical and practical
interest to obtain further data regarding the reactions occurring

in the rhodium containing hydroformylatién reaction mixture.

RESULTS and DISCUSSION

Rhy(CO);2 reacts in toluene under ambient conditions with Hp
and propylene to form normal- and iso-butyraldehyde and Rhg(CO);g
[3]. 1If the concentration of propylene is high, the reaction is-
complete at 23°C in about 30 hinutes and 90-100 per cent yields of

aldehyde can be achieved as expected from Equation (1):
3 Rhyi(CO)y, + 4 Hy + 4 Cg3Hg —— 4 C3H7CHO + 2 Rhg(CO)1¢ (1)

Fig.l. shows the aldehyde formation dufing a typical experiment.

b
|
o

-2
o
|

¢, old. concentration, mmoles

T T T ]
0 2 30 40
time, min
Fig.1. S?oichiémetric hydroformylation of propylene in toluene
with .0134 moles Rh,{(CO);; at 23°C in the presence of

hydrogen;propylene pressure 77.5 mm Hg; hydrogen pressure
- 388 mm Hg.
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This reaction is actually a stoichiometric hydroformylation
similar to that described for Co,(CO)g, H, and olefins [4] and
thus its study should also provide some information with regard to
the catalytic process. Experiments were therefore carried out to
determine the kinetics of the aldehyde formation. Only propylene
was used as an olefin in these experiments, since preliminary in-
vestigations had revealed that higher olefins rapidly isomerize
under the conditions used, thus making the evaluation of kinetic
data more difficult. In addition, some hydrogenation of the higher

olefins was also observed as a side reaction.
The initial rate of butyraldehyde formation was found to be

of the first order with respect to sz (as shown in Fig.2.), whe-
reas the concentration of Rhy(C0);; had no effect. The influence

initial rate, mmoles /min

_ T
00 200 300 . 400
) Hzprenun, Hg

i initi in the ab-
Fig.2. Dependence of initial rate on hydrogen pressure }n
seice of carbon momoxide (.0134 moles Rh,{CO);, in toluene;

temp. 23°C; propylene pressure 155 mm Hg).

of propylene concentration is shown by the results compiled in Ta-
ble 1. At low concentrations of propylene, the yield of butyralde-
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hyde was appreciably lower than the theoretical 1.33 moles/mole
Rhy(C0);,, whereas at high propylene concentrations the rate of
butyraldehyde formation was only-slightly influenced by Pcaﬁs'

Table 1. Effect of propylene pressure on hydroformylation
(.0134 moles Rh4{C0);2 in toluene; temp. 23°C;
hydrogen pressure 232 mm Hg)

prcpylene initial rate
pressure of C3H7CHO iso/normal aldehyde formed
(mm Hg) formation ‘aldehyde ratio (moles/mole Rhy(CO)js)

(1073 moles/min)

22 0.22 ' 2.0-3.0 0.77
51 0.35 2.0-3.0 0.87
78 0.h3 1.7-1.9 1.12
1k2 1.0L 1.6-1.7 1.24
2ks 1.32 1.6-2.0 -

Carbon monoxide .exerts a strong inhibiting effect on the in-
itial rate of C, aldehyde formation, as shown by Fig.3.; the de-
pendence is approximately described by (pco)_l.

It was found that carbon monoxide admixed to the Hy + C3Hg
gas mixture sarticipates in the reaction and thereby increases the
aldehyde yield above 1.33 moles/mole Rhu(co)lz; until the present
time, the highest yields achieved were between 3.5-4 moles of
C3HyCHO/mole Rhy(CO);,. The incorporation of CO into the product
obviously decreases its concentration in the reaction mixture and
in the gas phase, which leads under appropriate conditions to a
characteristic increase of reaction rate within one experiment as
shown in Fig.4. By simultaneously monitoring the reaction by IR
spectroscopy (for Rhy(CO)j,) and gas chromatography {for C3H7CHO)
it could be shown that as long as the CO concentration is suffi-
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Dependence of initial rate on carbon monoxide pressure
(.0134 moles Rh,(CO0);, in toluene; temp. 23°C; hydrogen
pressure 232 mm Hg; propylene pressure 155 mm Hg),
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Butyraldehyde concentration vs. time at different carbon
monoxide pressure: 1 -~ CO pressure: 2.5 mm Hg; 2 - CO
pressure: 5.1 mm Hg; 3 - CO pressure; 9.8 mm Hg. (.013%
moles Rh,(CO)j2 in toluene; temp. 237C; hydrogen pressure

232 mm Hg; propylene pressure 155 mm Hg).
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cient, the decline in the Rh,(CO);, concentration is moderate (the
formation " of butyraldehydes is in part due to a "catalytic" ef-
fect), while after CO has been consumed, the transformation of
Rhy{(C0);, becomes very rapid (Fig.5.).

¥
a—d
n

Y
3
Rh, (CO);, concentration, mmoles

O~ =~~~

€, ald.concentration, mmoles

1
w

u]
N
+ I\
+ N
.-/ T ~a,
0 2 40 60 - 80
. . time ,min

Fig.5. Butyraldehyde and Rh,{(CO)), Concentration vs. time (star-
© . - ting Rh,(CO);, concentration .0098 moles; temp. 23°C;

hydrogen pressure 232 mm Hg; propylene pressure 155 mm Hg
carbon monoxide pressure 6 mm Hg).

Under the reaction gonditions used, the spontaneous decom-
position of Rhy(CO);2 to Rhg{(CO);¢ and CO cannot be avoided. If
no carbon monoxide is added toc the gas mixture, the actual Peo is

therefore rather ill defined and the kinetic data obtained with

the CO-free system can be regarded only as aproximate. For this

reason, the kinetics of butyraldehyde formation were also deter-
mined at constant low partial pressures of carbon monoxide.

At the actual chosen concentration of carbon monoxide the

CO set . free by the spontaneous decomposition of Rh,(C0);, was
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negligible compared to the quantity of CO added and, at the same
time, the rate of butyraldehyde formation was still sufficiently

high for practical measurements.

The most remarkable difference was found in the influence of
the Rh,(CO);, concentration. As shown in Fig.6., the initial rate
of butyraldehyde formation under constant Ppg was of the first
order- with regard to Rh,(C0);,. The apparent contradiction be-
tween the results obtained with .and without cafbon monoxide . can
be explained by the compensating effect of CO liberated from

Rh,(CO);2, when no carbon monoxide is added to the reaction mix~-

ture.
=
£
Py
S 015
£
E
< o,
L o
2 o) o
B 010
=3
=
o}
005 o]
o
- : '
5

b
Rh‘( CO)“2 concentration, mmoles

Fig.6. Dependence of initial rate on Rhy{(CO);; conceuntration
(temp. 23°C; hydrogen pressure 232 mm Hg; propylene
pressure 155 mm Hg; carbon monoxide pressu?e 6 mm Hg).
The full and open circles refer to two series of exper-

iments.

The presults can most appropriately be interpreted by assum-
ing the rupture of the Rh, cluster to mononuclear rhodium~-carbo-
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nyl hydrides as being the rate determining stage. For this proc-

ess, the following mechanism is suggested:

Rh, (CO);, === Rh,(CO);; + CO (2)
S _ (rate determining mononuclear rhodium-
Rhy (CO) 1y + Hp stage) — > _carbonyl hydrides (3)

The above scheme accords with the observed kinetics

d (aldehyde) sz

———————— =k [Rhy4(CO)ya | —
at pCO

This explanation of the experimental results is further supported

by those measurements, which show that the rate of Rh, (C0),, de-

composition to Rhg(CO0);g is only very slightly influenced by the

absence or presence of propylene (see. Table 2.).

Table 2. Effect of propylene on the decomposition of Rhy (CO) 12
(sterting Rh,(CO)j, concentration .0067 moles in
o~xyléne; temp. 359C; hydrogen pressure 310 mm Hg;
carbon monoxide pressure 18 mm Hg).

propylene pressure percéntage of th(CO)]z
(mm Hg) decomposed in 1 min.
0 0.k
b7 v 0.6
k70 - : 1.35

The rate measurements yieldéd no information on the reac-
ticn of the mononuclear rhodium carbonyl hydrides with propylene
and the association of the mononuclear fragments to Rhg(CO)ye- It
is now evident that the actual hydroformylation reaction cycle
responsible for aldehyde formation has to be kinetically studied
under -catalytic conditions (75°c, 100-200 atm.), for this atmos-
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pheric system may show how the transformation of Rhy(CO)j, emerges
into the catalytically active species (HRh(CO)x). Since this
latter process necessarily constitutes the first step in cataly-
tic hydroformylationAexperiments, the results may be useful for
the interpretation of induction periods eventually ob;erved.

EXPERIMENTAL

Materials. All gases were analyzed by GLC. Thé toluene sol-
vent was purified by distillation, followed by preparative gas-
chromatography on a PEG column at 150°C. 0.1 per cent n-Heptane was

used as an inner standard.

Rhy (CO);, was prepared from Rh,(C0),Cl, at 80°C and 300 atm.
CO in the presence of moist NaHCOj3 in hexane. The product was sep-
arated by «chilling the solution to -78°C and purified by recrys-

tallization from hexane.

Apparatus. Experiments were performed in a 50 ml thermo-
stated flask equipped with a magnetic stirrer, silicon rubber tap
and a small cup for the Rh,(CO);,, the latter could be overturned
from the outside without opening the reaction vessel. Pressure

was maintained at 800 mm Hg by a mercury seal.

Reaction of Rhy,(CO);, with Propylene and H,. Rh, (CO)y 2
(L ... 10 mg) was measured into the small cup and the reac-
tion vessel was securated three times with the gas mix-
ture used. 1...2 mi solvent was injected by a syringe through the
silicon vrubber tap and stirred for 20 minutes to ensure satura-
tion. Reaction was started by turning the cup and dropping the
Rhy(C0);, into the solvent where it completely dissoived within
less ‘than 1 minute. 10...20 ut samples were taken at regular in-

tervals from the reaction mixture with a syringe and stored be-
fore analysis at =78°C. The aldehyde formed was determined by GLC
{50 m PEG column, 150°C), its quantity was estimated with refer~

ence to the n-heptane standard (area of n-heptane to C4 aldehydes=

= 1.60). If the reaction rate was low, the Rh,{(C0);2 content of
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the same samples could be determined by IR spectroscopy, based on
the intensity of the 1890 em ' band.
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PE 31OME

Mpr oBb4HLUX yCAOBMAX MPONWABH B3auMojedcTeyeT C BOAOPOLOM
m Rhy,(CO)12 npw o6pasoeanum OyTupanbaerwga u Rhg{(CO)yg. B cnyvae
6onee BHCOMMX ONEYHMHOB HAONKAENWCHL B HayYyecTBe NDG0YHBIX PEAHUHMH
H3oMepu3aumas W rugporedHnsaumna. CHopoctTe o6pa3osadunr OGyTupanbierwia
NPONOpUMOHAaNeHa HOHUBHTPAUHK th(co)lzunu H,, a obBpaTHOo nponop-
LHMOHaneHa HoHuBHTpauuu CO, lpu Hanuduu nocnegHen, ©Ha BCTPOWTCHA
B8 MPORYHT pePHuMH, M  CHCTEMa fPaKTHYEeCHW NpespawaeTcA B Npouecc
HaTanuaupoeaHHu poguvem. OApPeaenAwWMM  CHOPOCTL 3TanoOM O4EBHAHO
ABMAETCA pe=-<unmA Rh,(C0);, ¢ BOAOpPOAOM, HOrpa ob6pasayeTcR ruApHA
KapboHUNa [ _-4WA C O4HWM AZPOM, a rWAPOOCPMMAMPOBAHWE °~ NPONWNEHa
NPOMCXOAUT YEepe3 3TOT COHOAAPOBLN HKOMMJISHC.
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Modern chemical engineering work requires all
the transport ©phenomena to be known which accompany
the physical or chemical changes that occur in
operational units.

" A fev years ago, studies were started which were
aimed at finding a method that would enable the
modelling of the operational wunits, procedures and
apparatus used in the mineral o0il and the petro-
chemical industry. This work -was based on the known
fundamentals of theoretical reactor technigques.

MATHEMATICAL DESCRIPTION OF THE EXTRACTION CF A MULTI—COMPONENT

SYSTEM

It is known from literature [1, 2, 3] that the study of
transport phenomena is ‘based on the continuity rule, whose generai

expression is the following:

IpA-
div J = — = O (1)
it

It follows from Equation (1) that the flux density vector

is an unequivocal function of the density of the component. It is

not possible tc apply this formula in the case of systems in

which the individual composition cannot be determined. This diffi-
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culty can also be overcome in the case of multi-component systems
such as those encountered in the mineral oil and petrochemical
industry in the following way: Equation (1) is divided by the mean
density of the system, and accordingly the concentration will be
characterized by the mass fraction in the equation. The general
continuity equation expressed with mass fractions was described in
literature [1 - 7] and.this was applied for modelling the complex
systems. )

. A - Dv2 ‘
= VXAV DV XA + wBXA * vAP(XA) (2)

The individual components are not known in complex systems.
However, analytically well-defined component groups can always be
separated and the mass fraction of these can be accurately
determined.

The studied systems cannot be modelled with the application
of the Equation (2) since they contain two or more phases. It is
readily understood that with regard to phase distribution the
‘definable component groups do not behave as individual compounds.
Consequently, a second modification was introduced inasmuch as
Equation (2) was not applied to each group of components, instead
we selected the group most characteristic of the complex system.
This group was termed the "basic component group" and the opera-
tional units were modelled only with the variations of this group
in time. 1In this way the system could be described with a sing.e
mathematical expression that could be handled in a simple manner.
Due to the twofold simplification,the mass flow equation expressed
with the original density becomes distorted, since the dimension
of Equation (2) is (hr_l), and consequently the diffusion,mz:eri-
al transfer, and kinetic constants contained in the equati-n can-
not be compared to the constants determined during the basic re-
search. However, the given complex systems can be very adequately

described by these constants which are characteristic of the given
system-.
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With the technique briefly described in the foregoing, we
succeeded in riodelling the asphalt-blowing reactor cascade of the
Zala Mineral 0il Company [5], dimensioning the blowing reactors,
their scaling-up and technological optimalization [6]. Commission-
ed by the International Atomic Energy Commission, it was developed
a new technology based on similar theoretical fundamentals for em-
bedding isotope waste in bitumen; this procedure was realized both
in a batchlike and in a continuous process and dimensioning and
designing problems were also solved [77. '

At present, we are ehgaged in modelling a number of proce-
dures and apparatus for the mineral 0il industry using the above
method. From these, the modelling of the phenolic mineral oil ex-
traction column of the Duna Mineral 0il Company [81 will be de-

scribed in this paper.
A number of methods were proposed in literature for the mod-
It is a unanimuous

elling and calculation of extraction processes.
these meth-

opinion that in the case of more than four components,
ods - which can be regarded as classical today - do not yield
reliable results [9]. Accordingly, Equation (2) was selected as
the basis of the modelling.
Extraction is a continuous, stationary operation in which no
and diffusion inside the phases is nQt
y it is justified to take into considera-

chemical reaction occurs
dominant and, accordingl
tion only two terms of the Equation {2): the convective and the

transfer terms:

-x"-) = 0 (3)

a a a
- B(XAO - XA) + VEktrans(xA A

Equation (3) is a relationship which was applied for the basic com-

ponent group and this allowed to solve the questions connected

with lubricating oil extraction.
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EXPERIMENTS

Calculations were carried out concerning the industrial-scale
extraction column operated at the Duna Mineral 0il Company for a
number of various feedstock—phencl systems. From among these, the
calculations concerning a residue—phenol system will be dealt
with here. The residue was obtained from a mineral oil of Romash-
kino origin by propane deasphalting.However, it should be stressed
that the used method can also be applied to systems built up with

other extraction solvents and other extraction columns.

The calculation of the extraction process by Equation (3)
~an be carried out only if the mass fraction of the basic compo-
nent group designated by XX in the lubricating oil, containing ten
of thousands of components, can be determined 1in some way. For
this purpose, the complex system had to be simplified to two
groups of components, these two groups being different with regard

to behaviour from the viewpoint of extraction.

Selection and Determination of the Basic Component Group

One of the two above-mentioned component groups = desig-
nated in the following by "A" - 1s immiscible or only partially
miscible with the solvent, whereas the other - designated group
"C" - is totally soluble in the solvent under the conditions of

the extraction. The extracting solvent is component "B".

It is a basic requirement that the component groups follow
the requirements of mass balance under the conditions encountered
in the extraction process.In addition, the evaluation of the equi-

librium states which develop among +these component groups must
unequivocally be possible.

Component group "A" comprises saturated aliphatic and naph-
tenic mineral oil hydrocarbons, whereas "C" is a group composed of

monocyelic and polycyclic aromatic hydrocarbons.
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From among the processes for the separation of saturated and
aromatic hydrocarbons that are at present known, the elution
liquid chromatographic technique was found +to be most suitable.
Aromatic and saturated hydrocarbons can be sharply separated from
each other, provided that the adsorbent and the eluents are suita-

bly chosen.

Chromatographic separation was carried out on a column of
23 mm I.D.and 1500 mm length,filled with wide-pore silica gel made
in the German Democratic Republic. 3 per cent - with reference to
the weight of +the adsorbent - of the oil to be separated,
dissolved in hexane,was placed on the adsorption column. 1,000 mi
analytical-grade n-hexane, 1,000 ml analytical-grade benzene and
1,000 mi analytical-grade acetone were used as eluents.The eluates
obtained with these solvents were séparated from the solvents,
their weights and refractive indices were determined. The first
eluate, mainly comprising saturated hydrocarbons, 1s in the
following described as component group "A", immiscible or only par-
tially miscible with the solvent. The eluates obtained with ben-
zene and acetone were united and designated as component group "C",
mainly containing monocyclic and polycyelic aromatic hydrocarbors
ind resinuous substances.

a number of correspording

The chromatographic analysis ¢f
raffinate-extract pairs and feedstocks was carried out and it was
found that the component balance established for the "A" and "CM
component groups of the raffinate-extract pairs was in most cases
in agreement with the content of the feedstock on the cerrespending

omponent to an accuracy of 1 per cent by weight.

(]

o

The determination of the amounts of ccmponent groups "A" an
.
I

"C" by the chromatographic technique is rather time-consuming. It

Was consequently studied the possibility of the determination of
add

n i e qualitative parameter,

the composition on the basis of an

1

tiv

There is a considerable difference between the refractive indices
eluated with hexans and benzene, respectively; th
s

imple, rapid procedure

°f  fractions

determinaticn of the refractive index is a
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‘and it requires only a small amount of sample; furthermore, the
connegtioh between the refractive indices on the mixtures made of
the pure hexane and benzene fractions, and their composition is a
linear one. Accordingly, this qualitative characteristic was cHo-
sen as the basis of the concentration determination in the follow-
ing. The concentrations of the "A" or "C" components in any of the
feedstocks or extraction products can be calculated by a simple
proportion if the vrefractive indices of the components and in
addition those of the hexane eluate corresponding to the 100 per
cent component "A" content and of the benzene eluate corresponding

to the 100 per cent component "C" content are known.

In order to check whether the "A" and "C" component concen=
tration values thus calculated conform to the requirements of mass
balance, and to what extent they agree with the results of chroma-
tographic analysis, they were compared with the component balances
calculated on the basis of refractive indices. It was found that
the difference between the component balance of the raffinate-
-extract pair and the corresponding component content of the feed-
stock is lower than one per cent.

In order to illustrate the foregoing, the "A" and "C" compo-
nent content determined vrespectively by chromatography and re-
fractive index measurement, the component balance of a feedstock,
prepared from Romashkinc crude oil, and in addition those of raf-
finate-extract pairs prepared from the same under different opera-
tional conditions and with different yields, as calculated with

the two different methods, are summarized as an example in Table 1.

A comparison of the component amounts and balances deter-
mined by chromatography and those calculated on the basis of the
refractive index measurement reveal that most of the data deter-
mined by these two techniques agree within 2 per cent. It should
be stressed that in the Equation (3), which is the basis of the
calculations, the basic component group designated XX is alwayé
the mass fraction or amount (in percentage by weight), of the

component group "A", calculated in accordance with the foregoing
and referred to the refined phase.
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During the industrial-scale experiments it were determined
the relationship between raffinate qualities, yield data and
technological parameters. As an example, the results obtained in
experiments on the Romashkino residue oil-phenol system are
described.

Industrial-scale experiments

Calculations were carried out in connection with the phenol
refining column of the annual 300,000 to 350,000 tons capacity
operated at the Duna Mineral 0il Company.

The extraction column is 33.1 metres high, 4 metres in
diameter and equipped with 2u plain grids and 2 bubble cap plates.

Its simplified drawing is shown in Fig.l.

In order to increase the sharpness of separation, water
feeding and z temperature gradient were applied. Phenol is intro-
duced over the top plate, <=he feedstock and an azeotropic water-
-phencl mixture, containing approximately 90 per cent by weight

d

water, is introduced at the 21st plate.

The temperature gradient is controlled by circulation-type
reflux. A given porticn of

ol
O

the continuous phase is withdrawn and

,*J

an 2

x

then after cooling i Ternal heat-exchanger is fed back below
r

the plate. The affirnat and the extract solution are removed

e
after adequate settling, at the column head and at the bottom.
The values ¢f the material stream entering intc and leaving
the column in cu. meTres per hour units, and the temperatures at

different points of the column can be read from the instruments.

There are nine sampling places on the column. The solvent-refined

-product is taken from the tor of the cclumn, and the solvent-
~extracted bottom produst  from its lower part. Sampling points
designated I - Y. are <*he sampling nozzles located at the upper
secticn of the ccolumn, be*tween the 5th and 13th plain grids, and
3 £
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Raffinate

Phenol . /N | ]
T !
————— e
_____ D d -
_____ Sampling
————— D tOPS
_ :__ < ,
Residue T T T g
Azeotrop ——— = 3)
T :
IR Reflux
Extroct

Fig.1. The extraction column.
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the point of extract reflux removal, from under the 22nd and 2u4th
plates. Due to technical difficulties, samples were not taken reg-
ularly from the extract reflux removal point under the 2ith plate.
In addition to solvent-containing samples taken from the column,
solvent-free raffinate, extract, feedstock and azeotrope samples

were also taken in each industrial-scale experiment.

In the laboratory processing of the 9 or 8 samples taken
from the extraction column it was endeavoured to separate the
phases in such a way as to obtain a composition identical to that
actually prevailing at the place of sampling in the industrial
extraction column. For this purposas the molten and homogenized
samples were allowed to settle at a temperature equal to that meas-
ured at the sampling point of the extraction column. Separation to
raffinate and extract phases was carried ocut in this way in a

discontinuocus-operation laboratory extractiocn apparatus.

The solven was separated from the raffinate and extract
phases by evaporation and the solvent content of the two phases
was calculated. It was alsc determined the refractive indices of
the solvent-free o©ils and from these were calculated the "A" .4
"TF component content of the oil with the method described in the
previous section. The percentage composition of the ‘three-

n
-component phases was calculated afterwards.

The compositions of the phases alsoc were calculated as re-
ferred to the collective amounts of raffinate and extract phases;
these data, plotted against the length of the extraction column
are shown in TFig.2. The Figure shows, as an example, the results
sbtained in the laboratory processing of samples taken during a
given industrial experiment of the phenolic refining of a Romash-
k<inc residue. The most important parameters were the following:
top temperature SOOC, bottom temperature SOOC, feed 32 m3/hr. oil,
~il to solvent ratic 1/2.1, water content of phencl 3.05 wt.%. The
concentration profile developed along the length of the extractor
was determined in all industrial experiments. It is apparent from
the Tigure that the raffinate-extract phase boundary in this

experiment was very sharp in the extraction column and was located

between the uth and the Sth plate.
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EVALUATION OF THE INDUSTRIAL-SCALE EXPERIMENTS

After the laboratory analysis - according to the foregoing -
of the samples taken during the industrial-scale experiment%
carried out with different parameters, the values of the combined
mass transfer coefficient Kipans were calculated on the basis of
- the Equation (3). The "B" total feed expressed in cu. meters per
hour represents the amount of feedstock,phenol and azeotropic mix-
ture. VE is the free volume between the feeding point of the feed-
stock and the sampling point of the extraction column. The actual
concentration of component "A" at the sampling point of the raffi-
nate phase is Xzo, whereas the concentration of component "A" in

the feedstock-solvent system is Xi,

expressed in mass fraction.

The value of XZn was determined by laboratory equilibrium
measurements, at a temperature equal to that of the industrial
extraction column and at an identical water content in the phenol
and at the oil/solvent ratio prevailing at the point of sampling.
In these experiments, a half-hour stirring and a  one-hour
settling period were applied. Thris +time is sufficient for the
equilibrium state to be reached. XZx represents the component "A"
content of the raffinate phase obtained in the equilibrium
measurements.

The calculation of the combined mass transfer coefficient
is shown, as an example, in Table 2. The data which were constant
during an industrial experiment were especially emphasized. The
data necessary for the calculations, which are different at each
individual sampling point, were summarized. The first five columné
of the Table contain the basic data necessary for the calculation
of ktpans’ whereas the sixth column contains the calculated
ktrans values.

Theoretically, within one given industrial-scale experiment
and at identical technological parameters, identical ktrans
values should be obtained at any sampling point which is over the

oil feeding 1level on the extractor. This was verified by the
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Table 2. Calculation of the ktrans coefficient on the basis of the

industrial-scale experiment of June, 7.
Constant data:

Feedstock component "A" 0.615
Oil/solvent vol. ratic 1:2.27

Mass fraction of oil at feeding 0.7592
Water content cf phenol 2.55 wt.%

X0 = 0.615 - 0.7592 = 0.467

A
B = 132.4 (m3/nr.)

Raff. "A" Raff. phase
Sample . .
- s X X X,
designation B/VE mass fract- A + C mas N o* ¥ rans
ion fraction
Raffinate 0.5kL0 90.90 80.15 0.729 0.756 5.25
I. 1.029 T6.7€ 76.62 c.588 o0.61z1 5.37
II. 1.176 77.79 75.1k 0.585 0.611 5.22
II1. l1.321 77.43 75.h2 0.584 0.611 5.67
Iv. 1.528 76,47 75.85 0.580 0.611 5.52
V. 1.796 75.6€ 75.93 2.575 0.611 5.25
E. refl. II. -6.724 59.78 75.92 0.454 0.69C .1k
E. refl. 1I. -2.354 £1.76 73.68 0.455 0.690 sk
Extract -1.236 61.35 65.50 ¢.bhu2 0.691 .ok
Upper
section
mean ktrans R
Lower
Section
nean k -

trans
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experiments, since the ktrans values calculated for the six sam-
pling points of the upper section showed a good agreement in each
industrial-scale experiment. The ktrans values calculated for the

individual sampling points differ from the mean value by max.

+ 0.29 units which corresponds to a scattering of *+ 5 per cent.

It is apparent from the Table illustrated as an example, and
it was also observed in all the industrial-scale experiments that
there is a difference between the ktrans coefficients, determined
for a section of the extraction column over the oil feeding point
and those determined for a section below it, which amounts to an
order of magnitude. This is readily understood since enrichment of
component "A" in the raffinate phase occurs in the upper section,
whereas samples taken from the lower section contain very low
amounts of raffinate rphase, and even these contain very low
concentrations of component "A": it is the enrichment of component
"C" which is dominant in the extract phase. The absolute values of
the transfer coefficients are very low in the lower section and

the mean deviation from the mean value is + 0.1 unit.

After having come to the conclusion that the XX values can
be calculated to a satisfactory accuracy by means of the combined
material transport coefficient, i.e. that the elaborated method
enables calculation of the XZ values =~ of decisive impcrtance as
regards the quality of the aesired product - to a satisfactory
accuracy, there remained no further task than to determine the
values of ktrans as a function of the technological parameters by
industrial-scale experiments:

Kipane = £(B, wt.% water, T, oil/solvent ratio)

These connections are illustrated in Fig.3. It is apparent
from the Figure that the value of ktrans shows a considerable
- though not 1linear - increase with increasing temperature.
Increasing cil feeding rate causes a slight increase, increasing
oil/scolvent ratic causes a considerable increase in its value;

increasing water content causes the ktrans value tc decrease.
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Knowing the connection between the technological parameters

and the combined material transfer coefficient, the k values,

corresponding to realistic parameter limits, can bet‘zgiablished
by interpolation to adequately varied values of the individual
parameters or by slight extrapolaticn. Knowing these ktrans
values, - the XZ values can be calculated. If a sufficient nimber
of experimental data is .available, the solvent-free raffinate "A"
component concentration values can be calculated by dividing the
: XZ values by the experimentally determined mean solvent content
expressed in mass fraction. These values are brought into corre-
lation by means of a calibration curve with one of the qualitative
parameters of the raffinate which is impor+ant from a practical
point of view.

Each of the starting materials studied by us - heavy paraf-
fin distillates made of various raw mineral oils and residues
mentioned in the foregoing - were processed to motor oil. Conse-
quently, the parameter dimpcrtant from a practical point of view
was the viscosity index of the raffinate which had been deparaf-

finized to a solidification point of -15 to -16°C.

A czlibration curve was prepared representing the connection
between the refractive index of the paraffin-containing o0il and
the viscosity index of the deparaffinized oil for the feedstocks
and the raffinates made from them. This calibration curve is
shown in Fig.4. It is apparent from the Figure that this connection

can be determined only with a certain error.

The connection between the refractive index and the concen-
tration of component "A" is also known, since the value of "A" is
calculated on the basis of the measured refractive index values,
as described in the previous Section. Accordingly, the quality of
the product can unequivocally be characterized by the X: and "A"
component concentration values used for the calculation, and by

the data on the refractive index and viscosity index.

During the industrial-scale experiment the raffinate yield

data were also determined, partly on the basis of instrument
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readings and tank levels, and partly on the additive qualitative
characteristics such as e.g. density and refractive index. The
range of the parameters studied in the case of the Romashkino

residue was as follows:

Volume ratio oil/phenol 1/2 ... 1/3.3
Water content of phenol (wt.%) 1.5 ... 5.0
0il feeding rate (m3/hr.) ' 30 ... 50
Top temperature of extractor (°c) 80 ... 90
Bottom temperature of extractor (°cy 60 ... 70

The influence of these parameters upon the raffinate yields and
quality was studied in ten industrial-scale - experiments. The

experimental data and the main results are summarized in Table 3.

In Table 3. the yield data, ktrans values were summarized

as the function of the technological parameters. The 'ktrans and
the vyiels values were determined by graphical interpolation for
all of the following variations: different temperatures at 5°¢
.Steps, 0il feeding rates at 5 (m3/hr.) steps, phenol water content
values at 0.5 wt.% steps and oil-solvent ratios in 1/0.2 and
1/0.4 steps, within the above mentioned ranges of the individual
parameters.

The XZ values were calculated using the transfer coeffi~
cients. With the aid of the above-mentioned connections anc

calibration curve a connection was established between the ccm-

ponent "A" concentration and refractive index, and the viscosity

index of the deparaffinized raffinates.

The relations between product quality, yield and technol-

on the basis of the ten

ogical parameters were calculated
of the

industrial-scale experiments for 300 different variations
The results of these calculations were

technological parameters.
as an example, in

Plotted on nomographs similar to that shown,
Fig.5. Each nomograph shows the raffinate vyield and refractive
index data pertaiming to constant temperature and
of the oil/solvent ratio for the cases

0il feeding

. °
rate as a function £

various water contents in the phenol.
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In conclusion calculations were carried out in order to
determine the optimum working conditions. For this purpose,
Equation (3) was rearranged to the following form:

: B VE
a  _ ga
ktrans Xy0 Xy
a  _ ya
XA XAx

This form of the Equation corresponds to the functional relation
y = % +  The value of VE i.e. the total volume from the feeding
point to the raffinate removal point of the extraction column is -
constant; in -the case of the industrial-scale column it was
245.2 m3., If it is constructed a system of coordinates on whose

ordinate the values and on whose abscisse the

trans

a a
XAo XA

a a
XA XAx

values are plotted, we obtain a hyperbole. The concentration
values of the quantity in brackets are interrelated according to
the following: ’
Xzo < XZ < XZ!
The above expressions were derived from data pertaining to
Various working conditions and they are illustrated in Fig.6. On
the branch of the hyperbole adjacent to the y axis it were found
Pairs  of values corresponding to higher feeding rates and poorer
Product qualities, whereas on the branch adjacent to the x axis
the corresponding values of small amcunts and good product qual-
ities were found. Accordingly, the y axis is a coordinate propor-
~ Honal to quantity and the x axis is one proportional to quality.
¢ The technological optimum requires the maximum possible yield of
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Fig.6. x and y values calculated from basic data defined for
various experimental parsmeters. Oil/sclvent ratio:
o 1/3.3; A 1/2.9; x 1/2.6; & 1/2.3; O 1/2.0.
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product and simultaneously the best possible quality. However,
these two characteristics are found on the two branches of the
hyperbole in opposite directions, and consequently the optimum is
expressed by the point of intersection of the hyperbole with a
straight line drawn from the origo at a slope of 45 degrees. It is
apparent from Figure 6. that this value is best approximated by
the results of raffinations carried out at higher temperature, at
85 to 90°C.

‘The significance of the method lies in the fact that for one
given feedstock-solvent system it .is sufficient to determine these
connections once and afterwards the production.can continue. The
technological data, which result in a produced of a required
quality at the highest possible yield can be established for any
raffinate quality.

However,the principles and methods described in the foregoing
can not only be applied to extraction-type raffination processes
carried out in industrial-size extraction columns, but also enable
other techniques, used in mineral oil technology for processing
multi-component mineral oil distillates and derivates - simplified
by adequately chosen key fraction to two-component groups -~ 1o

be studied and controlled.

USED SYMBOLS

B total feeding rate (m3/hr)

D diffusion coefficient (m2/hr)

J flux density:(amount/mzhr)

ktrans combined material transport coefficient = w8 (hr-l)
r(x) reaction rate, expressed with mass fraction (he™h)

t time (hr)
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v linear velocity (m/hr)

Vg volume of extractor (m?)

X mass fraction (dimensionless)

B mass transfer coefficient (m/hr)
A sign of difference

v sign of nabla vector (m-l)

v stoichiometrié coefficient

P density (kg/m3)

w transfer surface area (m2/m3)
Indices

lerr:

A refers to component "A"

is the initial value of component "A"

is the equilibrium value of component "A"
upper:

a sign of one phase
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PE3HME

CoBpEMEHHLI TPyl MHHEHEpa XWMWHAE CErOAHA ywe noTpebyeT,4T00s
emMy bW ACHH W TPaGHCNOPTHHE ABABHUA, CONPOBOMAAKUHE XHMUHBCHHE WK

BWIHYECHWE M3MEHEHWA, HOTOPeE MpOTEHawT 8 OTAENbHEX 3N8MEHTAax
npoueccos.

HeCcHONwHO  NET TOoMy Hasaj Ha4Yanute CTYAWH, Uenp HOTOPLIX ABn-
ANaCh payapaGOTHa mMeTogfa, NpHroaHoro aAng MOLENTUpoBaHHUA HegTenpoMmopl - .
NEBHHBX U HEDTEXHMHHYEBCHHX 3nemMeHToB NPCoUeccOB, ﬂpOHSBO,ﬂCTBBHHHX

NPOUECCOB M YCTEHOBOH, WCXDAA M3 YHE M3IBECTHHX TBOPBTHYECHMX OCHOSB
No PEaKTOPHOW TEeXHMWHE.
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In a laboratory tubular reactor at atmosgheric
Pressure and in a temperature range of 580-830°C the
Pyrolysis of a straight-run Romashkino naphtha cut
with a boiling range of 40-160°C was investigated.

New chareacteristics were introduced to charac-
terize the degree of the decomposition of the
naphthas. Substituting the conversion in kinetic
equations developed for flow reactors by the decom-
position grade, appropriate correlations were derived
for describing the overall decompositicn rate of the
naphthas.

It was demonstrated that in the temperature agd
residence time ranges of industrial pyrolysis
pProcesses, the expansion and the yield distribution
of the main reaction products depend only on the
decomposition grade.

For predicting the product' S
naphtha pyrolysis a simplified kinetic
elaborated.

distritution in
model was

INTRODUCTION

annual world production of ethylene of

Roughly half the
pyrslysis  of gaseous

fearly 20 million tons is produced by the
hYdrocarbons, the other half is produced by the pyrclysis of

liquid petroleum fractions, mainly of naphthas {11].
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Despite the large and rapidly increasing production capac-
ities for the pyrolysis of hydrocarbons, relatively few and often
contradictory data were published in literature regarding the de-
scription of the pyrolysis process, reaction kinetics and product
distribution. Most publications deal with the investigation of
gaseous hydrocarbons. Very limited detailed and reliable data are
available concerning the description of the pyrolysis of liquid

hydrocarbon mixtures and naphthas.

"To characterize the degree of decomposition in the pyrolysis
of naphthas the "severity function"™ introduced by LINDEN et al.
was generally used in the past [2, 3]. Recently, ZDONIK and his
associates introduced the "kinetic severity function" based on the
conversion on n-pentane under the given pyrolysis conditions and
the Jfkdt values calculated by a first-order kinetic equation are

used to define the degree of decomposition for naphthas.

On the basis of the previous investigations, the sum of the
conversions of the feed components weighed by their mole fractions
on the one hand, and the relative expansion on the other hand were
introduced for characterizing -he decomposition grade for hydro-
carbon mixtures, and methods were elaborated for the calculation
of the overall decomposition rate and the description of product

vield curves, respectively [5, 7].

In this publication the applicatior of the above mentioned
methods will be described for the evaluation of the pyrolysis of a
straight-run Romashkino naphtha cut carried out in a laboratory
tubular reactor at atmospheric pressure and in a temperature range
of 580-830°C. The specification of the naphtha investigated was as
follows:

Density (g/cm3) 0.7077
Boiling range (°C) 40-160
Molecular weight (average) 111

n-Paraffins (wt;%) 38.7
iso-Paraffins (wt.$%) 37.9
Cycloparaffins (wt.$%) 17.3

Aromatics (wt.%) 6.0
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DECOMPOSITION GRADE FOR NAPHTHA

Between expansion and decomposition grade the correlation

can be given by Equation (1) [5-71]:
E = 1+ (E, - 1)X (1)
where E expansion,
k
z Yy Vyi limiting value of expansion,
i

v,. = overall stoichiometric coefficients of the reaction

products,
k
X =X Y4y decomposition grade.
J

As regards its form and physical meaning Equation (1) is the
same as the correlation between expansion and conversion for the

pyrolysis of individual hydrocarbons [8, 91. The only difference

is that in the case of the pyrolysis of hydrocarbon mixtures,

instead of the conversion and the stoichiometric coefficients, the

sum of the conversions of the feed components weighed by their

mole fractions will be introduced.

In the case where the conversions cannot be determined with

precision because of the large number of comporents or
in pos-

sufficient

analytical difficulties (mainly for petroleum fractions},
session of the expansion (E) and limiting expansion (E ) values
and rearranging Equation (1) the decomposition grade can be esti-

mated by the "relative expansion", given in Equation {(2) [5, 61.

\

E -1 {2)

The detailed gas chromatographic analysis of the products

made it possible to determine the conversions of the componernts

and the decomposition grade of the naphtha investigated was defi-

ned by the sum of the conversions of the feed components weighed

by their mole fractions.
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Expansion as a function of the fictive react1on tlme and
the dgcomposltlon grade. o 581%c; a 624°%¢; x 660°¢; o 699°C;
737°%; + 773%; = 834°C.
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In Fig. 1 the expansion is plotted as a function of the fic-

tive reaction time and the decomposition grade, respectively. The
naphtha feed contained 6 wt.$% aromatics that practically do not
decompose under the given conditions. For this reason the decompo-
‘'sition grade varies only up to the 0.94 value, which is marked by
a dotted line in Fig. 1 and in the forthcoming figures. From the
top figure in Fig. 1 the limiting expansion value was estimated to
be 3.62. As can be seen from the bottom figure, the variation of
expansion as a function of the decomposition grade can be approxi-

mated by a single curve independently of the temperature.

DESCRIPTION OF THE OVERALL DECOMPOSITION RATE

A description of the overall decomposition rate for the

individual components of the feed naphtha, as well as for the

naphtha cut investigated, was carried out by using the kinetic

equations for the individual hydrocarbons. Substituting the con-

version in these equations by the conversions of the hydrocarbons

composing the naphtha (xJ) and by the decomposition grade {(X)

characteristic for the given naphtha, respectively, the overall

the individual feed components and the
can be calculated. This method was

decomposition rate for
naphtha cut, wrespectively,
previously applied for the description of the pyrolysis of binary,

ternary and six-component hydrocarbon mixtures [5-71.

As examples‘in Fig. 2 the conversion of 2,4-dimethylpentane,

and in Figs. 3 and 4 the decomposition grades of the naphtha cut

are shown as a function of the true and fictive reaction time. The

r the individual hydrocarbon are similar in

conversion curves fo
i.e. by increasing ‘the

shape to the curves for the naphtha cut
temperature the rises of the curves - which are proporticnal to

the decomposition rate - steeply increase.

To describe the overall decomposition rate 1.e. the conver-

. A3 -
sion curves shown in the figures, an integral as well as a differ

ential method were applied [8, 21-
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T
00 05 10 15 20 25 30 35 40 45 50
T (sec)

Fig. 2. Conversion of 2,h—dimethylpentane as a function of the true

reaction time in naphtha pyrolysis. — Calculated by Eq.(5)

I I 1 i 1 ¥ i T i

T
08 05 1 15 20 25 3 5 40 45 50
T(sec)

Fig. 3. Decomposition grade vs. true reaction time. — Calculated
by Eg. (5).
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00 05 10 15 20 25 30 35 40 &5 50

Fig.4. Decomposition grade vs. fictive reaction time.
® Calculated by Eg. (4). o Calculated by Eg. (7).

Integral Method

In the first step cf the evaluation, <he decomposit.con rate
constants were calculated for the measured

first-order reaction kinetic eguations valid

The calculated k values were D
-dimethylpentane and against the
ha cut in Figs. 5 and 6, respectively. The I:
accordance with the results cbtain

of individual hydrocarbons and model mi
rate constants calculated h
decrease with increasing cocnversion and

Zecrease depends on the temperature. The value

and 6 measured at a given temperature can be ap
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Fig. 5. Decomp031t10n rate constants" for 2 h-dlmethylpentane vs.
conversion. e 581°Cc; A 62L°%; x 660° C, o 699°C.

~ 35
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* 30 NQ
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0o 02 10
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Fig. 6. Decomposztlon rate .constants for naphtha vs. decomposition
grade. o 581°C; a 62L°%¢; x 660° c; o 699°C.
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following linear relationship:
k = k% - gX (3)

o c L. .
where k decomposition rate constant at zero conversion,

B restraining coefficient.

The (k°) and (8) constants can be determined from TFigs. 5
and 6.

Figs. 7 and 8 show the decomposition rate constants and
restraining coefficients plotted against the temperature for 2,u-
-dimethylpentane and naphtha. It can be seen that the temperature

dependence of both constants can be described by Arrhenius-type
equations.

Substituting Equation (3) into the integrated rate equations
for first-order reactions the following correlations were obtained

between the overall decomposition rate and the fictive and true
reaction time [5-97:

- (E, - 1) X] ()

)t
(8]
i
i
—
w
—

To check Equaticns (4} and (5), conversions for 2,4-dimethyl-
pentane as well as decompositi

on grades for the naphtha were calcu-
lated as a function of the fictive and the true reaction times for
the measured temperatures.For this calculation, first the k° and B
values were calculated for the en temperatures using the Arrhe-
nius-plets in  Figs. 7 and 2 utting these values into Equations
(4) and (5), the fictive and True reaction times were calculated
for different conversions and decomposition grades, respectively.
The full lires in Figs.2, 3 and & represent the calculated curves.
The satisfactory agreement between +he caiculated and measured
values confirms that the =laborated method is suitable for the

description of the coverall desccemposition rate of naphrhas.



1973 Description of the Thermal Decomposition of Naphthas 99

Differential Method

In this method the kinetic equation was used in the linear-

ized form given below [8, 9]:
log (dX/dw) = log (k/CO) +nlog C (6)

-where CO and C are~concentration of the feed components
(moles/litre) at the reactor inlet and outlet.

Fig. 9. 1o0g (%%) = log (%-) + n log C correlation for naphta .
o.
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For determining the constants of Equation (6) the curves of
the decomposition grade vs. the fictive reaction time (Fig.4) were
graphically differentiated and the momentary rates were plotted in
logarithmic scale against the actual concentration. This relation-
ship is shown in Fig. 9 for the naphtha investigated. .

On the basis of the above figure the k and n values were
determined and substituting theése values into Equation (7) the
decompdsition grade values were calculated at different reaction
times and temperatures:

X N
/’ LH)m (7)
cr .
o .
The integration in Equation (7) was performed graphically.
The calculated values were plotted in Fig. 4. These data square
well with the curves plotted through the measured values which

proves the suitability of the method for the description of the
- overall decomposition rate of naphthas. )

DISCUSSION AND INTERPRETATION OF PRODUCT DISTRIBUTION

In Figs. 10-18 the yields of the main reaction products in
wt.$ are plotted against the decomposition grade of the naphtha cut.
It is apparent from the figures that by increasing decomposition
there is a considerable change in product distribution. The yields
of some productsﬂwill?also be influenced to some extent by the
temperature.

The yields of hydrogen and methane continuously increase with
the increase of the decomposition grade (Figs.10 and 11). The yield
curves run above the tangents constructed to the initial part of
the curves, which indicates +that the amounts of these products
related to the naphtha consumed (the stoichiometric coefficients)
increase in the entire decomposition range. These products are
stable'under pyrolysis conditions. By increasing the temperature at
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a given decomposition, the hydrogen yield increases, and the
methane yield slightly decreases.

In Fig. 12 the ethylene yields are plotted against the
decomposition grade.

£
L

%)
3

Ethylene yield
%vt ’

1
10
2y X

Fig. 12. Ethylene yield vs. decomposition grade. e 581°; A 624°c;
x 660°C; o 699°c; w 737.C; + 773°C; w806°C; = 834°c.

The curves run above the initial tangent i.e. the relative

amount of the ethylene considerably increases with increasing
decomposition.

Performing the pyrolysis atr a higher temperature up to a given
decomposition grade, the ethylene yield will increase. It can be
observed that the yield curves tend to level out, which indicates

that they probably pass through a maximum,at very severe conditions.
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The yield curve constructed through the points measured at 806°¢C
shows a definite maximum at about 1 second residence time.Perform-
ing the pyrolysis above 800°Cc with very short (0.1-0.4 second)
residence +time about 33-34 wt.% ethylene yield related to the

naphtha feed can be obtained.

The propylene yield increases with an increased decomposi-

tion grade up to a value of about 0.7 (Fig. 13). The yield curve

'
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Fig. 13. Propylene yield vs. decompositiol grade. ¢ 5817C; 4 247Cy
. 660°C; o 699°C; m 737°C; + 773°C; Vv806To; x BILTC.

runs above the initial tangent, has a maximum at about the 0.7-0.75

grade and over this the goropylene yieid sharply
Under the

decomposition
. . . . Y
decreases. The maximum propylene yield 1s about 16 wt.?%.

conditions investigated, the propylene yield curve is indeperdent

of the temperature.
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Depending on the reaction conditions about 2-10 wt.% ethane
is also produced in the pyrolysis process.It can be seen in Fig.1lu
that the ethane yield increases up to about the 0.85 decomposition

12
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Fig. 1k, Ethane yield vg. decompgsition grade. oo Sgloc; A 6gh°c;
x 660 °C; o 699°C; ® 7377°C; + 773°C; w806°c; = 834°¢.

grade. At a higher decomposition -grade, the yield curves measured
above 800°C show a maximum. By increasing the temperature, the
ethane yield at a givéh decomposition grade decreases. The propane
yield curves are similar in shape to the ethane curves.The propane

yield is one order of magnitude smaller . tian the ethane yield.
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Fig. 15 shows the butylene yields against the decomposi-

tion grade. Through the measured values a single curve can be
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Fig. 15, Butene yield vg. decompgosition grade. o 5§;°C~ A ég
x 660°C; o 699°C; w 737°%¢C; + 772°c; ¥ g06°: 3

constructed, which means that under the

butylene yield is independent of the t

: : The

: 5 33 crad ximum buty-
shows a-maximum at about 0.5 decompcsition grade. The maximum buty

lene yield is about 7 wt.%. The yieid curve runs belcw the tangent
constructed to the initial part of the curve, that is the re
amount cf the butylene produced decreases with the incr
composition grade. The butadiene yield is considerably
by the pyrolysis temperature (Fig. 16). At 2 given d

grade, a much higher butadiene ield car Se obtained at higher
temperatures. The yield curves show a definite maximum at about
the 0.6-0.8 decompositien grade. By increasing <the temperavure,

the maximum shifts in the directicn of the higher decomposition
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Fig. 16. Butadisne ¥y s vs g 3 C,O
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grades. The maximum butadiene +vield is about &.5-5.0 wt.%. The
shape of the yield zurves (the low wvalue of the initial tangent)
indizcates that the ©butadiene is mainly formed in secondary reac-

tions.

In naphtha pyrolysis small amounts of pentenes (Fig. 17) and
pentadienes are also formed. The yield curve for pentenes shows a
maximum at about the (.8 Jdecomposition gracde. The maximum pentenes

yisld is about 1.¢-2.7 wt.%. The yield curves of pentenes as well

as of pentadienes are independent of the temperature.
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In Fig. 18

o penteges vs. dgcompositgon gradeé L] 581053
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the yields of benzene, toluene and styrene are

plotted against the decompcsition grade. The benzerne yielid shows a
se up tc about the 0.5 decomposition grade i.e.

very small increa

dractically equal

Jver the about O.

tiderably and over

with the benzene

centent of the naphtha feed

6 decomposition grade the yield curves rise con-

the C.§ decomposition grade they rise abruptly.

The toluene yield, compared T0

“aphtha feed, slightly decreases up I¢

frade then centinuously increases above

SSmposition grade,

Sing temperature.

.the yields of botn

+he toluene con*tent 5% the
about the 0.5 ceccmposition
+his value. At a given de-

roducts desrease ty Increa-
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The yield curve of styrene . is independent of the temperature.
The styrene. curve is similar in shape to the benzene curve, above
the about 0.8 decomposition grade it steeply rises. The amount of
styrene formed is about one order, of magnitude smaller than the

"amount of benzene.

The above mentioned changes in product distribution are
caused by the simultaneous effects of several factors. These
‘changes can to some extent be explained on the basis of the free-

-radical chain mechanisms.

At a given decomposition grade, the increase in the hydrogen
and ethylene yields and the simultaneous decrease in the ethane
yield by increasing the temperature are caused by the change of
the relative velocities in the hydrogen abstraction and decomposi-
tion reactions of the ethyl radicals. By increasing the tempera-
ture the velocity of the ethyl radical decomposition- will consid-
erably increase compared to the velocity of the hydrogen abstrac-
tion, because of the much higher temperafure coefficient of the
decomposition reaction, which results in an increase of the hydro-
gen and ethylene yields and an equivalent decrease of the ethane

yvield.

The decrease in the propane yield by increasing temperature

can be explained in a similar way by the different temperature

coefficients of the hydrogen abstraction and decomposition reac-
tions of the propyl radicals.,

The considerable changes in product distribution by

increasing the decomposition grade in naphtha pyrolysis are caused

by the secondary reactions among the product olefins and the

chain-propagating radicals. From among these reactions  the most

important are the combination reactions of higher olefins and
dical decomposition following

chain-propagating radicals and the ra
these reactions. )

(Olefin); + R, === Alkyl radical — (Olefin), + Ry (8)
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As a result of the above mentioned decomposition of higher
primary olefins (pentenes, butenes) 1lower olefins (ethylene,
propylene) and methane are formed. The rise in the methane as well
as in the ethylene and propylene yields and the decrease of the
‘amounts of higher olefins can be explained mainly on the basis of

the above reactions.

In the case of higher decomposition grades the hydrogen ab-
straction reactions among the olefins and chain-propagating radi-
cals also have a considerable effect on product distribution. 1In
these reactions small molecules (H, CHy) as well as vinyl-, allyl-
and higher molecular weight unsaturated radicals are formed. The
reactions of these radicals among themselves and with the olefins
lead to the formation of higher molecular weight dienes and aro-
matics. As it 1is apparent in Fig. 18 the amounts of aromatics
steeply increase with the decomposition grade above the about 0.6
value.

SIMPLIFIED KINETIC MODEL FOR THE CALCULATION OF PRODUCT YIELDS

In the preceding sections the method for the description of
the overall decomposition rate for naphthas was outlined and the
constants of the kinetic equations for the naphtha investigated
were determined. In these kinetic correlations the decomposition
grade introduced instead of the conversion is the dependent
variable.

On the basis of the pyrolysis of individual hydrocarbons [8,
9] it was earlier demonstrated that the expansion and yield curves
plotted against the conversion were independent of the temperature
for most of the hydrocarbons investigated in the temperature and
residence time ranges of industrial processes. This means that the
gfpansion and yield curves car be described by mathematical funec-
tions containing the conversion as the independent variable.(In
most cases this description can be made satisfactory by a poly-
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nomial.) In such cases when the temperature independence is not
fulfilled, the above curves can be described by functions

containing the temperature as a parameter.

It was shown that among the principal reaction products the
yield curves of propylene, butenes, pentenes, pentadienes and
styrene are independent of the temperature. In the Figdres_ all
the measured values were presented. A considerable part of these
values were obtained above 1 second residence time. Taking into
account only the values measured in the residence time range
0 < 1t <1 second of industrial interest, the independence from
temperature is also valid approximately for <the yield curves

of the other products.

To 1llustrate +the above statement, the yield curves of

ethylene are shown in Fig. 19 measured in the 0 < t < 1 residence

40

Ethylene yield (wt%)
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Fig. 19, Ethylene yield vs. decomposité
range of 0 < t_< 1 sec. x 660
7 8

+ 773%; v 806%; = 834°¢C.
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time range. The small discrepancies at higher decomposition grades
do not cause difficulties in describing the yield curves.

The simplified kinetic model developed for the calculation
of the product distribution consists of the kinetic equations
suitable for the description of the overall decomposition rate i.e.
the changes of the decomposition grade, and of the mathematical
equations describing the yield curves as a function of the decom-
position grade.

>
"

f (T, w, O 1)

(9)

Hy

¥(X) .

Fig. 19 also presents some values calculated on the basis of
the above model. 1In this calculations first the decomposition
grades were determined for the temperatures investigated using
the kinetic constants presented in Fig. 8 and the kinetic Equation
(5). The decomposition grade values so obtained were put into the
polynomials describing the yield curves and the product yields

were determined for the given reaction conditions.

The yields calculated by" the above method fit in well with
the full line constructed through the measured values which indi-
cates the suitability of the given method for the deséription of
the thermal decomposition of naphthas.
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USED SYMBOLS

C total concentration of the naphtha components (undergoing

o’
decomposition) at the reactor inlet and outlet, resp.
(moles/litre)

E expansion, defined by the ratio of mole numbers of the
mixture leaving and entering the reactor (dimensionless)

E, limiting expansion value (expansion valué for the complete
decomposition of 1 mole feed mixture)(dimensionless)

H, yield of the ith reaction product (mole product/mole feed
or kg product/kg feed)

k decomposition rate constant (sec-l)

k° decomposition rate constant at zero conversion (sec-l)

Jkdt severity function (dimensionless)

n reaction order

Ry, R{ chain-propagating radicals

Vji overall stoichiometric coefficient of the ith reaction
product in the case of the complete decomposition of
the jth component of the feed mixture as individual
hydrocarbon (moles product/mole decomposed)

X conversion of the jth component in the feed mixture
(dimensionless)

X decomposition grade (dimensionless)

s mole fraction of component j in the feed mixture
(dimensionless)

8 restraining coefficient giving the inhibiting effect of
the reaction products (sec-l)

T true reaction time (sec)

w fictive reaction time (sec)
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PE3OME

BeH3MHOBAA PpPAHUMA .C MPEASNaMH TOYHW HHIMNEHWA 40-160°¢C pomaw-
HHUHCHOM HBOTHM Bwna nogseprHyTa NUMPoONWM3y B nadopaTopHoOM prcaaTOM
peaKkTope, Npw gasneHuu 1 atm v 8 guanalone TemnepaTtyp 580-830°C.

OnR XapaKTepr30BHW:- CTEMNEHWM DAINCHEHWA OGEH3IWHOBOM GQPAHUMH
speneHs asTopaMu  HOBLE NoHaslatenu, B  HUHETHYBCHMX YypPaBHEHWAX
pa3patoTaHHuX ANS NPOTOYHHX pPeaHdTopoB Owia 3aMewexa CTeMEHs Pa3no-
MBHMA, ONpPeAENEHHAR aBTOpPaMW, B MBCTO HOHBEPCHW, M Tawum obpas3om
6uNM NONYy4EHH COOTHOWBHWA MOOAXO4RUME H GNMCaHWia obwen CHOPOCTH
pasnomeHnn 68H3HHOBON OPaKUMHH,

ABTOpPaMHM NOKA3AHO,4TO 3HKHCMAHCHA W BLXODA NO OCHOBHLM npogyuram
pBaKuMW — B AMAN330HaX TEeMNEpaTyps M BPEMBHH NPESHBAaHWA, NPUHATHX
fNpY NPOM3BOACTBEHHOM BHEOPDEHWH MMDOJAM3a ~ ABNANTCA  OA4HOIHAYHBEIMH
PYHHUHMAMY CTEMNEHW PA3NOKEHHRA.

Ha ocHOBE HaiieHHBX COOTHOWEHWN, asTopamMu Owna paspaboTaHa
yNpoweHHaR HMHETHYECKAR MOAENe ANA pac4eTa COCTaBa CMECH DEaHund
nuponuaa.
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The thermodynamic conditions of the dehydrogena-
tion of tetrahydrothiophene were studied. Experiments
were carried out with various types of metal, metal
oxide and metal sulphide catalysts in order to increase
the rate of the equilibrium reaction,under standardized
conditions.

Experiments were carried out using a suitable
catalyst to determine the kinetics of the reaction.
According to the calculations, the rate-determining
partial process is the surface reaction.

Crude oils of high sulphur content contain various organic
Sulphur compounds in amounts comparable to that of the hydrocar-
bons. These sulphur compounds may be important raw materials in
the production of a.number of organic compounds. In the petroleum
refining industry, as a result of corrosion hazards, endeavours
are made to remove sulphur from the products. However, sulphur re-
Boval processes yield sulphur compounds which are inadequate for
furthep processing. Accordingly, any research dealing with the re-
fovery and further processing of organic sulphur compounds found

i1 crude oils is of considerable interest.

———
* .
Pét_Nltrogen Works
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The present work deals with the dehydrogenation of a monocy-
clic sulphide, tetrahydrothiophene, that is also found in crude
oils.

The tetrahydrothiophene plant built within the P&t Nitrogen
Works primarily serves the demand for gas-scenting agents. However
producticn on an industrial scale opens up the possibility for the
production of other materials based on tetrahydrothiophene. THese
include two very important products: sulpholane and thiophene.
Sulpholane is an important solvent that is used for the recovery
of aromatic hydrocarbons present in aromatized petrols. The method

is known as the Shell extraction technique.

Thiophene - which can also be produced by the dehydrogena-
tion of tetrahydrothiophene - is another important compound,
which 1is wused as a vraw material in the pharmaceutical, paint,
pesticide and plastics industries [1, 2, 3, 4].

Properties of Thiopherne and Tetrahydrothiophene

Physical_Properties

The molecular weight of tetrahydrothiopheﬂe is 88.174, while
that of thiophene is 84.142. There is no major difference between
their densities; the density of tetrahydrothicphene at 20°C is al-
most ejual to that of water, its value being 0.9998 g/cm?, whereas
the density of thiophene I1s 1.0648 g/cm3. Their boiling points at
atmospheric pressure show a rather large difference: tetrahydro-
thiophene boils at 121.12°C, while thiophene at 8u.16°C.

Chemical Properties

Tetrahydrothiophene was first discovered in Persian crude

oils.Its odour is poignant. It is miscible with a number of fluids

but not with water. It can be oxidized with potassium permanga-
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nate; in this reaction sulphone (known commercially as sulpholane)
is produced which finds an application as a solvent. It provides
crystalline compounds with mercury halides. The latter reaction,
on account of the characteristic melting point, is used for iden-
tification.

' Its stability is higher than that of mercaptans and conse-
quently it can be used for gas scenting. Its sulphides are used to
improve the ignition characteristics of Diesel oil. Chlorinated

tetrahydrothiophene can be used as a pesticide.

In a similar manner to tetrahydrothiophene, thiophene is a
colourless liquid with a slight odour resembling of garlic. Al-
though'it is insoluble in water, it is readily soluble in alcohol
and ether. It is a reactive compound and its chemical properties
are in the main similar to those of benzene: it can be nitrated
with nitric acid and sulphonated with sulphuric acid. It forms or-
gahic metal compouﬁds with mercury salts, and tends to form com-
plex compounds with various metals. ’

Its vapours irritate the mucuous membranes. If inhaled for a
longer period of time, 1t causes spasms, and alsc has an adverse
effect on blood cell production. Accordingly it must be handled

with care.

Dehydrogenation of Tetrahydrothiophene

YURIEV and BORISOV [5] were _the first to produce thiophene
from tetrahydrothiophene by dehydrogenation on a platinum-alumina
and nickel sulphide-alumina catalyst.After a long interval, YURIEV
and TRONOVA [6] reported in another paper on the effect of chromi-

um oxide-alumina catalysts in the transformation of various het-

erocyclic compounds, including tetrahydrothiophene.
HIRAO and HATTA mentioned in their péper [7] that tetrahyd-
rothiophene can be dehydrogenated to thiophene in the presence of

a chromium oxide-alumina catalyst at 500°C.
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According to FRIEDMANN {81, tetrahydrofhophene is dehydro-
genated mostly to thiophene in the presence of elemental sulphur
at a pressure of 3 atm and within a period of 10 hours at 160°C
with the simultaneous production of a number of other organic sul-
phur compounds. ‘

OBOLENTSEV and associates [9] studied the dehydrogenation of
tetrahydrothiophene in the presence of various industrial cata-
lysts. These authors applied benzene as a dilutihg component in
the dehydrogenation. Their experiments were also supplemented by
equilibrium calculations. According to the latter, a temperature
of at least 450 to 500°C ‘is necessary for the dehydrogenation to
proceed. Decreasing the pressure or dilution with an indifferent
component favourably influences the reaction.

MASHKINA and associates [10] studied the dehydrogenating ac-
tion of the oxides and sulphides of metals of the third to sixth
column of the periodic system upon diethyl sulphide and tetrahyd-
rothiophene. Chromium oxide, copper chromite, cobalt molybdate and
platinum were found to be the most effective.

Thermodynamics of the Reaction

Dehydrogenation of tetrahydrothiophene to thiophene proceeds
" according to the following equation:

CH,

CHy CH —— CHH
t —

CH, CHy © CH H

\S/ \S}

The reaction heats were calculated on the basis of the Franklin-

+ 2 Hy

-increments [111. The calculated values are summarized in Table 1.
The change in free energy of formation for the reaction was calcu-
lated with the FRANKLIN’s method [11] as well as with that of van
KREVELEN [131.0n the basis of these, the lowest theoretical tempe-

rature, at which the reaction is possible, can be determined. The
calculated values are shown in Table 2.
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Table 1. Heats of Reaction of the Dehydrogenation of
Tetrahydrothiophene at Different Temperatures

Temperature AHO, Heat of Reaction
%k (kcal/mole)
300 32.910
koo 23.252
500 ) 33.540
600 33.752
800 ' 33.84k

Table 2. Changes in Free Energy of Formation

Temperature 3G° (reaction) [11] AG° (reaction) [13]

°x (kcal/mole) (kcal/mole)
300 11.17 11.1k
koo 4.08 3.87
500 -3.20 -3.L4k
600 -10.59 -10.70
800 -25.3k -25.56

The values calculated with the two different methods showed good
agreement. It can be concluded from the above data that the reac-
tion does not occur at 400°K, whereas it is possible at 500°K.
Thiophene can also be hydrogenated an account of the equilibrium
reaction. The degree of hydrogenation is;negligible at atmospheric
or lower pressures.

In the case of a reaction in the gaseous phase, the chemical
transformation involves an increase in volume, and accord;ngly the
decrease of pressure or the application of an indifferent diluting
component - on account of its partial pressure-decreasing action -

promote conversion.
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EXPERIMENTS

The aim of the experiments was to study the efficiency of
the various catalysts of the metal and ﬁetal—oxide-type, in order
to find the most preferable to be applied in more detailed studles.
The catalysts studied were different industrial products.

A tubular reactor of 11 mm I.D., made of stainless steel,
was used for these experiments. The temperature of the reactor was
maintained by an electrically heated mercury bath. Reactor temper-
ature could be adjusted by varying the pressure of nitrogen gas
conducted over the bath. 20 cm?® catalyst was placed into the reac-
tor for each experiment.The grain size of the catalyst was brought
to 1 to 2 mm by crushing and sieving. The raw material was for-
warded into the reactor or into the evaporator connected before
the reactor by means of a piston-type pump. The product was recov-
ered 1in a water-cooled condenser. Uncondensed gases and vapours
were collected in a gasometer. Samples were taken from both the

condensed product and the gaseous products and the samples were
analyzed.

The condensed products were analyzed with a chromatograph,

produced by Becker-Delft, type 2040 C-2, equipped with a flame-
-ionization detector.

The packing material used in the separating column was Celite
(C-22) wetted with 25 per cent poly(propylene glycol). The length
of the column was 1 m, the rate of the carrier gas stream 3 liters
per hour, the temperature was 120%c.

Tetrahydrothiophene produced by the P&t Nitrogen Works was
used. The product contained 2.5 per cent tetrahydrofurane as impur-
ity. The diluting material was analytical-grade benzene.

A mixture containing 2 moles of benzene and 1 mole of tetra-
hydrothiophene was used to compare the catalysts. Experiments were
carried out with each catalyst at three temperatures (450, 500 and
550°C) and at three different residence times (0.5, 1.0 and
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1.5 sec). The residence time was varied by controlling the pumping
rate of the feeding pump'and the volumetric rate was varied
accordingly. The experiments were carried out at atmospheric
pressure.

The effect of the catalysts at a benzene-tetrahydrothiophene

molar ratio of 2/1 and a residence time of 1 second is illustrated

with the conversion and yield data summarized in Table 3.

Table 3. Effect of Different Types of Catalysts

»

THT* conversion § Thiophene yield ¥

No. " Catalyst type ¥s50 500 550 450 500 550
°¢

1 Cobalt-molybdenum oxide 55.4 60.7 63.0 35.5 L0.8 48.3

2 Nickel-tungsten sulphide 15.7 16.9 18.%4 9.6 10.0 10.8

3 Platinum-alumina 11.0 27.2 4k.0 6.4 16.8 33.1

L Chromium-alumina 17.6 57.6 81.k 5.6 21.9 L0.9

5 Nickel-molybdenum oxide 8.7 10.7 18.7 1.3 3.3 10.1

6 Nickel-alumina 27.6 55.5 B8k.o 18.7 27.6 5hk.0

7 Copper chromite 11.1 17.5 k1.5 3.6 6.6 25.0

1. Ketjefine 12k4-1.5

2. Leuna-3076 .

3. Engelhardt product; 1.6 per cent Pt + Al;03 carrier

L, Leuna-6301

5. Leuna-8199/s

6. Leuna-652Uh . .

T. Product of P&t Nitrogen Works; copper(II)~chromium(III}-oxide

of the Adkins type

*General'ly used abbreviation for tetrahydrothiophene

It is apparent from the data shown in Table 2. that thiophe-~

ne was formed with all the catélysts used. However, in addition to
other decomposition reactions were
the fact that in every case the
I: addition

dehydrogenation to thiophene,
also occurring, and this explains
conversion of THT was higher than the thiophene yield.
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to hydrogen, hydrogen sulphide, ethane, propane and butane were
detected in- the product gases. In addition to the diluent benzene,
there was generally mainly tetrahydfothiophene and thiophene in
the liquid condensate. Traces of mercaptanes were also found. .

On the basis of experiments carried out at 550°C, catalysts
of the nickel-alumina, chromium~alumina and cobalt-molybdenum
oxide types were found to be most active.

The platinum-alumina catalyst deserves special attention be-
cause at a relatively moderate activity it shows a higher selec-
tivity, i.e. the difference between THT conversion and thiophene
yield was smaller than in the case of other catalysts.On the other
hand, the chromium-alumina - catalyst seems to be inadeguate for

further tests, because - despite the high degree of conversion -
its selectivity is poor.

On the basis of the experiments, nickel-alumina, platinum-
-alumina and cobalt-molybdenum-oxide catalysts were found to be
adequate for further detailed studies aimed at finding the param-
eters of industrial production.

KINETIC ANALYSIS OF THE REACTION

Nickel-alumina was chosen from among- the catalysts that were
found to be adequate and the kinetics of the reaction were studied
in the presence of this catalyst.

The aim of our’ studies was to obtain data on the relative
rates of the elemgntary processes, on the details of processes oc-
curring on the catalyst and to determine the most preferable
parameters in connection with the use of the catalyst.

The experiments were carried out at 550°C and at a molar ra-
tio 10 moles benzene/mole tetrahydrothiophene at different feed-
ing rates. Accordingly, different residence times were obtained
for the reactants. The calculations were carried out on the basis

of the  analytical results obtained for the starting materials and
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products. The results of these 'experiments are given in Table 4.
During the calculations, - a procedure proposed by NAGY [12] was
adopted. This can be summarized as follows: the rate and kinetic
equations conforming to the supposed mechanism, bertaining to the
‘stoichiometric equation, were taken from a Table. The partial
pressure values were substituted into these equations, and by

adopting the sign

the equations were linearized.

The rate values found in the equations can be calculated from

the measured data.

Table 4. Dehydrogenation of Tetrahydrothiophene at Various
Feeding Rates

Amount of catalysg: 20 g
Temperature: 550°C
Pressure: 68 mm Hg

No. of experiments

Measured data

L 2- 3.  b. 5. 6.
Feeding rate B'. 102 1.815 1.957 2.50 3.15 L4.78 6.25
(cm3/sec)
THT concentration in the n N N 9.1 o1
vapour mixture feed (vol.%) 9.1 9 9 9
THT concentration in _ 0.66 0.97 185 +3.4k 6.3 6.6
product vapour (vol.%) .
Thiophene concentration 8.3 8.0 7.2 5.6 - 0.5

in product vapour (vol.%)

which are in agreement
it will be true that

If the transformed experimental data,
with the equations, are plotted in a diagram,
from among the rate (kinetic) equations the correct one is that
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which yields corresponding pairs of values which lie on a straight
line.

The stoichiometric equation of the dehydrogenation of tetra-.
hydrothiophene is the following:

CyHgS — CyHWS + 2 Hp
and the type of the equation is
A — By + B, RN ¢ |

The amount of tetrahydrothiophene brought to evaporation en-
sures a stream of constant mass rate in the reactor. The amounts
of liquid and gaseous products leaving the redctor were measured,
together with the composition of the liquid.. The diluting compo-
nent did not take part in the reaction and in order to simplify
the calculations it was not taken into account. Compression of the
gases after the reactor was given by the difference of the exter-
nal pressure and the partial pressure of the diluting component),
which was 68.0 mm Hg. Taking the stoichiometric Equation (1) into

consideration, the rate equatiorn of the reaction is the following:

(yA)t (yg,) (v )
1 t Ba t d
1. j / 21 / B2 (2
a'o ¥, )0 ¥B,’0

The factor 1/2 in the third expression of the rate equation orig-

inates from the stoichiometric constant.

The density of the raw material fed into the system was
0.889 g/cm?. From the data given in Table 4., with the mass rate
of feed (B), if the mass of the catalyst (m ) is known, the vol-
umetric rate {S) can be calculated.

B = B . d; S:—i; (3)
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Tetrahydrothiophene was fed into the reactor, and thus:

N - 0-
(yA)O = —M— 3 (yBl)O = 03 (sz)O

Taking the equation of the reaction into consideration, for

material balance the following holds:

I

B 1
(y)g = (¥p)y = (yBl)t b (sz)+

The results of the calculations are summarized in Table 5.

Table 5. Values Calculated from the Experimental Data

125

(%)

the

No. of experiments

Calculated values

3. . 5.

[
n

B . 102 (g/sec)

1.615 1.7ho 2.220 2.800 L4.250 5.560

S » 103 (g/g sec) 5.807 0.870 1.110 1.k00 2.125 2.780
(y,)" 10% (moles/g) 1.135 1.135 1.135 1.135 1.135 1.135
(yA)t- 102 (moles/g) 0.078 0.116 0.222 0.415 0.700 1.060

ju

1/ » 1073 (g sec/g)

_oLhg 1.150 0.900 0.715 0.h470 0.360

It was not possible unequivocally t
of the experimental series, which of t

ences the reaction rate in addition to the starting material.

Consequently, of the rate equations pertaining to
tion A -—— By + Bp found in literature all those had to be
in which the reaction rate is dependent o
the starting material and of a product (
the partial

tions 6f and 6g).

o determine, on the basis

he product components influ-

+he reac-

studied
n the partial pressure of
Equations ba to ge), or on

pressure of all the three possible components {Equa-
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1. W= f(p,, PBl) 2.- W= f(p,, sz)
P . . P
W= A ; W= A (6a)
©oal s prA +‘prB1 Cal « prA + o:inB2
P, P
W= A 5 ' W= A (6b)
aII + CII ‘/p_Bl_ aII + dII\/p—BZ—
p P
W= A 3 W = A
2
(aIII + bIIIPA + IIIPBI)Z (aIII + bIIIpA + dIIIsz)
(6c)
W= A ;W= A (6d)
(aIV 4 bvaA s oIV JI—)B_I)Z ‘ (alV 4 vapA . dIV@)Z
P ' p
W = —_._A___ 5 W = A (6e)
av + CVPB1 aV + dva2
3. W= ‘f(pA, pBI, sz)
P .
W = A . (Sf)
vl VI VI
a + ¢ PB; + d Py
P
- A
W VII VI VII 2 (5e)
I VI
(a + b P, + Py, *+d sz)
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The partial pressures can be substituted by the mole frac-

tions in the gaseous phase:

__& . (v _ ‘  (ray
P 3(y,)y = 2(yp)y

P P '

) N R 3} (7b)
P 3 P v
Pp, L2y - Pa - (7¢)

" v

By dividing Equations (6) by the total pressure (P), substi=-

tuting the values given in Equation (7) and ntroducing

o =7
1
X

we have linearized rate Equation (6):

I
o34 2gT)e - 2alix
W P 3 3 S
;s Xz aols 8lx (8a)
W
I
xoo@a 1oy pf - 2 ehix
w P 3 3
II II
5:9._+F d_ T==
W 3 JP ,
S I A B (8D)
w X
II1 II
x_a_ 11 el %
W P 3 JF
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V’Z =J§l:(aIn v 2 QITT) (p11T 2 dIII)ﬂ
W P

3 {Z.= o1 + g 111y (8c)
1

I11
X .2 + 1 cIII)+(bIII 1 cIII)x
3 3
w P
IV . IV
qz =JP (2Z— + vax + % a JT-%)
W P P
; ¢3.= otV 4 Bva + YIV [T-x (84)
W
IV
£ = JF (2 + bV V% S A=)
1% P JP
v
§=a—-—+-§-dv (1 < x)
1% P
H L YV (1 - x) (8e)
v 1%
X a 1 v
- e ¢ [ed (1 - X)
W P 3
VI
X a 1 VI 2 VI 1 Vi 2 VI VI VI
-—(———*P—-C_ + = d - {= ¢ - °§: -
" > 3 3 ) (3 +3d77)x . a Y (8f)
VIiI
F: ﬁ r(a . % CVII 2 dVII) + (bVII 1 VII 2 dVII)x ;
w L. P -
VZ: SVIT 4 gVII, (8g)
w

The specific reaction rate (w) can be calculated from the follow~
ing Equation:

cz(y‘,‘)t o A(yA)t
d(1/s) at1/s)

W= -

(9)
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If (y,), 4is plotted against 1/S on the basis of Table § (Fig.1).

;
£
LD
=

L od

L)

<

n

Neu”

06

05 -

04

03+ N

(12-
014 o .1\“
T T T T T T
22 a4 05 08 W 12 W
V50 (gsecsy)

Fxg.l The alteration of THT concentratiom with the reaction time.
] measured values; x values used in the differentiation.

The difference quotients wera calculated by taking the A(1/S) val-
ues and the corresponding ‘(YA)t values from Fig. 1. The result of
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the calculations is. shown in Table 6. Fig.2. was plotted on the

basis of Table 6; The Tigure shows :he difference quotients
a

- which, according to Equation (%), correspond to the specific re~

-action rates - plotted against (yA)t'

Table 6.  Values of the Difference Guotients as Calculated from
Measured Results

.3 C.4% 2.5 ©.6 0.7 0.8 0.9 1.0 1.1
fg) 1.15 0.86 2.865 0.L4s ©.38 2.23 ¢.22 0.17 0.12
. 107 - 2.2 2.1 1.6 1.1 £.9 0.7 0.5 0.b

E% 3.0
£ ‘T/
S 26 : /
z
22 /27
18 /‘ﬂI
14 / !
" A
06 s I
i
027}
T T T T T T T T
03 02 03 04 05 06 07 08
(gA)t ° 102 (mo‘es/g)
Fig. 2. Tue alteraticon icn rate with
concentraticn. X the values
Turve
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Knowing the specific reaction rate (w) and the mass of the
catalyst, the rate of the dehydrogenation reaction can be written

as follows:

N = W e m (10)

' The w values, corresponding to increasing (yA)t values and
necessary for calculation of the linearized rate Equations {8a to
8g), were read from Fig.2. The detailed calculation is ~shown in

Table 7. The linearized rate equations constructed in this manner

are shown in Figs. (3a to 3e).

[- ]
]

~
i

102 (sec/mole)

X
W
-3
1

wn
1

4 i 1 i i 1 T 1 1 1 ¥ T

4 8 n 16 20 2% y::] 32 3% &0 b4
x-102

Fig. 3a. The linearized cate equation, based on Equation (8a).

It is apparent from these Figures that the calculated values

appear along a straight 1line only in the case of Figs (3a) and

(3e).

From these two the

£ Ix

Fig. (3a) as the one

equation was accepted which corresponds to
straight line con-

best fitting the conditions. (The slope of the

Structed in Fig. (3e) is negative.)
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B 107 (sec/mole)

& T T T T
6 7 8 9 » V1.0

Fig. 3b. The linearized rate equation, based on Equation (8b).

T T T T T T T 1 T
4 8 )74 L] 2 % 28 2 k] &0 bhy
x-0
Fig. 3c. The linearized rate equation, based on Equation (8c).
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6 7 8 9 v Vix-10

Fig. 3d. The linearized rate equation, based on Equation (84).
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>
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o
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5 5 7 8 9 10 (1-x).10

Fig. 3e. The linearized rate equation, based on Equation (8e).
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The values of constants a and 8 can be determined on the ba~

sis of Fig. (3a):
ol = 5.05 . 102 (sec/mole)

‘BI = 7.5 =« 102 (sec/mole)

A detailed explanation of the meaning of the constants is given in

the following:

1 1
ol = 8L, 241 e =21, 1T
P P

1_.,I_2.1 I, I _ 1.1
B~ = b 5 d B8° = b zc
al 2 1 - 2 .1 . .I
— + 3 d® >03; 5d° <b” #0

P 3

a_ 1 cI > 0 1 cI < bI 4 0--

P 3 3 :

According to the tables published in literature [11], the surface
reaction is the rate-determining partial process in the case ‘of
this type of reaction. One of the products formed is adsorbed;con-

sequently both cases of Equation (8a) were studied:

Py
b c
TPy *tzPg)

P
W = A :l
a + pr + chI a

(1 +

The corresponding kinetic-equation is:

Py

W=k
T+ Kypy * Ky Py,

By comparison of the two equations:
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S - b = &
k=93 Ky=33 K '=3 0°F
K X
B

When the constants a and B are expressed with rate and equilibrium
constants:

=

a1 1 K, 1 11
asptrtyccxpt3 g (p*3K,)
K K
R I SR B TR 9
B=b-gc=q--gobsyg (K-5k)
If Ky ™ O:
A I
Rl 73 -] T a P
K
- A - -8 .1
B = K =Bk=3 5
In this case:
K = L = 2.92 - 10~° moles/mm Hg sec

5.05 « 102 . 68

H

K, = 7.5 + 102 + 2.92 - 107% = 2.19 - 1072 1/mm Hg
If KBl # 0, the values of k, KA and KB1 cannot be calculated
separately.

If component B, (hydrogen) is adsorbed, the rate equation is
the following:
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The corresponding kinetic equation is:

PA

1+ K,p KBsz’

In a similar manner to the foregoing:

K
1 . a _ K,
'a-E b-T d-k
further
_a 2 11 2
@ =353 a-=x (3 + KBz
2 1 2
g =b-=4d4d=— - =
3 k 3 KBz)
If KB 0, the values of k and K are 1dent1cal to those calcula-

2
ted in the foregoing; the values of the physical constants cannot
be calculated in the opposite case.

Accordingly, on the basis of the kinetic studies it can be
Concluded that the dehydrogenation proceeds through the follow1ng
stages:

1. Adsorption on the catalyst.

2. Chemical reaction on the surface.

3. Desorption.

An analysis of the kinetic equation obtained leads to the follow-

ing conclusions-

1. The global reaction rate is, through the rate constant,

propotional to the surface of the catalyst (k = F(S )k K ). Ac~
cordingly it is preferable to use a dehydrogenating catalyst of as

high a specific surface as possible.
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2. At low tetrahydrothiophene partial pressures the kinetic
equation bécomes simpler (the value of KApA may be neglected) and
the reaction rate is proportional to the partial pressure of tetra-
hydrothiophene: ‘

W = k - Py

Industrial realization of this condition is uneconomic.

3. Side reactions are negligible at lower temperatures. At
the same time, desorption of the products may be accelerated by
elevation of the temperature. ’

The experimental results make it possible to determine the
data necessary for reactor design in further experiments carried
out on a pilot plant scale.

LIST OF SYMBOLS

Ai starting components of the reaction
Bi components of the reaction product
B mass rate of gas stream (g/sec)

density (g/cm3) .

d
Ky Ky adsorption equilibrium constants of the components

* * (1/mm Hg)
‘M molecular weight
mg mass of catalyst (g)

P, » Py partial pressures of the components (mm Hg)
i

P gas area pressure (mm Hg)

S volumetric rate of gas stream (g/g sec)
t time of reaction {sec)

v catalyst volume (cm3)

specific reaction rate (moles/g sec)
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W reaction rate {(moles/sec)
x conversion (dimensionless)

Ya.> g concentration of components (moles/g)
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PE31ME

. AsTOpaMk OLAW WAy4BHH TEPMOAHHAMHYBCHKHE YCNOBWA Aerunpore-
HW3auWUM TeTparwapoTHodeda. [lpn CTaHAapTHHX YCAOBWUAX pBaKUHK Ouinmi
BLMNONHEHW ORHTH C FIDUMBHEHWEM HKaTalM3aTOPOE W3 METanna, OHWCH me-
Tanna MM cynbduaa METanAa pasHYHOro THMa, NPOW3IBEABHHEX W B Npo-
MELNGHHOM MAcWTA08, C WEALI NOBLWEHWA CHOPOCTH PABHOEBCHOW PEAHUHM.

an HCNONb30BaHHUH COOTBETCTBBHHO 8H6p3HHOF0 Hatanuaartopa
NPoOBOAHAHCE H3MBPBHHA ANR onpeae neHnA HHUHEBTHUKNK peanunHU.,. CornacHo

pacHeTam asTopoB, 4YACTHHM npoyeccom onpensnrcnM CHOPOCTHL ABNARBTCA
NOBEPXHOCTHAaA pPBAHUHUA. ’
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BEITRAG ZUR ANWENOUNG DBER DBUNNSCHICHTAPPARATE
A. UJHIDY-und R. BERKES

(Forschungsinstitut flir Technische Chemie der

Ungarischen Akademie der Wissenschaften, Veszprém)

Eingegangen am 18. August 1972.

Bei der Anwendung von Rotationsdiinnschichtappa-
raten kénnen Fdlle (z.B. Eindampfung, chemische Reak-
tionen) vorkommen, wo keine MGglichkeit zur Messung
der Filmdicke besteht. In solchen Fdllen wird die
Filmdicke aus den zweckmidssig umgeformten Zusammenhdn-
gen von NUSSELT, BROTZ und MATOLCSY berechnet. Die
Ergebnisse dieser Berechnungen wurden mit aus Ver-
suchsergebnissen bestimmten Filmdicken verglichen. Die
Versuche wurden mit Starrfligelrotor wund Wischer in
Rotationsdiinnschichtapparaten von verschiedenen GroB-
en (aktive Oberflidche des Apparates: 0,0396; 0,0578;
0,1140; 0,1260; 0,63; 5,53 m?) durchgefiihrt.

Die Kenntnis der Filmdicke ist auch bei der Was-
serdampfdestillation erforderlich, weil sie iiber die
Stoff- und Wirmeibertragung und die Leistung des Appa-
rates AufschluB gibt. Bei den Versuchen wurde die An-
wendbarkeit der veérschiedenen Verfahren, wie 2z.B.
RihrgefdB, Freifallfilm und Rotationsdinnschichtver-
fahren, zur Wasserdampfdestillation untersucht. Aus
den Untersuchungen konnten einige Hinweise fiir eine
gliinstigere Durchfiihrung 'der Wasserdampfdestillation
gewonnen werden.

FILMDICKE

Bei mechanisch srzeugten Fliissigkei:sfilmen ist die direkte

Messung der Filmdicke sehr umstadndlich. DOie mittlere Filmdicke

kann aber aus dem gemaessenen Hold-up (H) und aus der aktiven Ober-
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fldche des Apparates (F) errechnet werden:
§ ¢ (1)
F

Anhand disser Methode hat SCHNEIDER [1] festgestellt, 'daB
mit der Steigerung des Zuflusses und der Z3higkeit die Filmdicke
zunimmt, aber von der Umlaufgeschwindigkeit unabhdngig ist. Seine

Messungen wurden nur mit Wischerrotor durchgefihrt.

Eine 3dhnliche Erscheinung wurde auch von DIETER [2] beobach-
tet, der die Messungen mit einem Wischerrotor und ﬂit Wasser
durchgefiihrt hat. Die Filmdicke verdndert sich vermutlich wegen
der praktisch nur zur Filmausbildung notwendigen niedrigen Umlauf-
geschwindigkeit (47,2 - 188 m min-1) nicht. Das wird bestatigt da-
durch, daB die Filmdicke bei hdherer Z&higkeit (8 und 30 cP) und
bei hBheren Umlaufgeschwindigkeiten als die erwdhnten (188-263
m min_1) durch Erh8hung der Umlaufgeschwindigkeit eindeutig zu-
nimmt.

DOMANSZKIJ und Mitarbeiter [3] haben auf Grund der Ergebnis-
se der mit einam Starrfliigelrotor durchgefiithrten Versuche festge-
stellt, daB die Filmdicke durch Erh8hung der Umlaufgeschwindigkeit,
des Zuflusses und der Z&higkeit eindeutig zunimmt. Die Fliigelzahl
und die Spaltbreite beeinflussen die Filmdicke, dieser EinfluB
ist aber sehr gering.

Nach Messungen von BRESSLER {4] n&hert sich die Filmdicke
durch Erhdéhung der timlaufgeschwindigkeit des Starrfliigelrotors von
unten nach oben einem Grenzwert, hingegen erreicht die Filmdicke
im Falle dues Wischerrotors demselben Grenzwert von oben nach unten.
Ober diesem Grenzwert wurde kein Unterschied zwischen dem Starr-
fliigel und Wischerrotor ?estgestellt.

Aus den vorher Mitgeteilten geht hervor, daB die Feststellun-
gen der verschiedenen Verfasser liber die Anderung der Filmdicke im
Falle der mechanisch erzeugten Flissigkeitsfilmen ginander widser-
sprechen. Deshalb wurden eigens Versuche durchgefiihrt, ium diess
Fragen zu kléren.
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Wir haben auf Grund unserer Versuchsergebnisse festgestellt,
daB die Filmdicke im Falle der in den Versuchen angewandten Rotor-
typen (starrer Fligel wund Wischer) durch Erhéhung der Umlauf-
geschwindigkeit, des Zuflusses und der Zdhigkeit eindeutig zunimmt
[5-10]. Bei der Prifung des Einflusses des Rotortypes stellte es
sich heraus, daB die Filmdicke bei dem Starrfliigelrotor gréBer als
. bei dem Wischerrotor ist. Falls der Flissigkeitsfilm im Falle des
starren Fliigels die Spaltbreite ausfiillt, das heiBt, die Fligel-
kanten in den Flissigkeitsfilm hineintauchen, G4ben die starren

Fliigel eine dhnliche Wirkung wie der Wischer aus.

Die aus dem gemessenen Hold-up errechnete Filmdicke nimmt um

etwa 8-15 % im Bereich der Umlaufgeschwindigkeit von 80-250 m min_q,

wdhrend im Bereich der Umlaufgeschwindigkeit van 200-500 m min-1

um 10-25 % zu (6, 7, 81. In praktischer Hinsicht ist dieser
letztere Umlaufgeschwindigkeitsbereich, wo die Dinnschichtapparate
entweder als Verdampfer, oder als Reaktor, sowohl in laboratori-
ums-, als auch in IndustriegréBe zweckmidssig betrieben werden kin-

nen.

Es kann letzten Endes festgestellt werden, daB nur der Zu-
fluB und die Z&higkeit auf die Filmdicke entscheidend wirken, und
die Rolle des Fliigeltypes, der Fligelzahl und der Spaltbreite viel
weniger mafgebend ist [3, 10, 111.

Bei der Anwendung der Rotationsdiinnschichtapparate kann ein
solcher Fall vorkommen, wo keine Mdglichkeit zur Messu&&%QES Hold-
-up besteht, zum Beispiel bei der Eindampfung, wo bafﬂggr augen-
blicklichen Abbrechnung des Zuflusses die ebensa schnelle Abbrech-
nung der Warmezufuhr nicht zu verwirklichen ist. Deshalb verhin-
dert die wyeiterlaufende Verdunstung die Messung des Hold-up.

Eine Moéglichkeit fir die rechnerische Erfassung der Film-
dicke bietet die Verwendung der Zusammenhénge von NUSSELT, BRUOTZ
und MATOLCSY [12-15].

Nach einer anderen Methode wird ar-log zur Strdmung im Rohr
auch fir die Filmstrémung aus dem durch die Reibung erzwungenen
Bruckverlust ein Reibungskoeffizient berechnet, den man zur Er-

rechnung der Filmdicke zu Hilfe nehmen kann [5, 16, 171.
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Zur Priifung der Reproduzisrbarkeit der Messungen wurde die
Filmdicke nicht nur in einem gegebenen Apparat, sondern auch in
den in Tabelle 1. aufgefiihrten verschiedenen Apparaten untersucht
{4, 6. 7, 9, 101.Dadurch wurden auch Wirkungen wie zum Beispiel die
Ausknickung und Zentrierung der Welle beseitigt, welche die gleich-
maBige Filmausbildung verhindern. Zur Errechnung der Filmdicke
kdnnen auf diese Weise die von NUSSELT und MATOLCSY angegebenen
von uns zweckmi8ig umgeformten Zusammenhdnge [12-151 mit hinrej-

chender Sicherheit verwsndet werden.

Abbildung 1. und 2. zeigen den EinfluB der Flissigkeitsbe-

lastung auf die Filmdicke im Falle verschiedener Fliigelumlaufge-

100 200 300 400 r,kg/m h

Bild 1. Abhdngigkeit der Filmdicke von der Flissigkeitsbelastung
im Falle der verschiedenen Dinnschichtapparate.Rotortyp:
starrer Fliigels Z&higkeit: 1,05 cP.Umlaufgeschwindigkeit:
1, 2: 250 m/min; 3: 475 m/min. 1; mit dem Nusseltschen Zu-
sammenhang berechnet; 2, 3: mit dem Matolcsyschen Zusam-
menhang berechnet.
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Bild 2. Die Filmdicke in Abhdngigkeit von der Fliissigkeitsbelas-
tung bei verschiedenen Diinnschichtapparate.-Rotortyp: Wische
Zdhigkeit: 1,05 cP. Umlaufgeschwindigkeit 1: 250 m/min;

2: 500 m/min. 1, 2: aufgrund des Zusammenhanges von Ma-
tolcsy berechnet.

schwindigkeiten und verschiedener Abmessung der  Apparate. Die
Punkte, bzw. Zeichen sind gemessene Werte, die Kurven wurden be-
rechnet.

Bei Verwendung von Starrfliigelrotor kann bis zu einer Fliis-
sigkeitsbelastung von 250 kg/m h und einer Flﬁgelumlauféeschwin-
digkeit von 300 m min-1. Im Z&higksitsbereich von 1-4 cP auch der
fir* Rieselfilme giiltige Zusammenhang von Nusselt zur Errechnung

der Filmdicke benutzt werden.

3
s .\’g_G_ (2)
p2g v D
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wobei

2

Erdbeschleunigung {m s
ZufluB (kg 5_1)
Durchmesser. {m)
Filmdicke (m)
dynamische Z&higkeit (kg m_1 5-1)
Dichte (kg m—3)

T 3 o O G M

In diesem Bereich hat der Fligel wegen der kleinen Filmdicke
in erster Linie fUr die Ausbildung und Stabilisierung des Filmes

zZu sorgen.

Im Bereich {ber der erwdhnten Fllssigkeitsbelastung bis zu

1 kann der mit einer mo-

einer Umlaufgeschwindigkeit von 300 m min~
difizierten Kaonstanten korrigierte Zusammenhang von Matolcsy zur
Errechnung der Filmdicke benutzt werden (die urspringliche Kon-

stante: 5:10 )¢

§ = Fr\| — (3)

wobei
£' modifizierte Konstante (-)
Flissigkeitsbelastung (kg mf1s-1)

v Flﬂgelumlaufgeschwindigkeit {(m s_1

)

Die modifizierten Konstanten des Matolcsyschen Zusammen-
hanges zur Errechnung der Filmdicke wurden im Bereich der Zé&hig-

keit von 1-4 cP in Tabelle 2 zusammengefasst.

Tabelle 2
Starrer Fligel Wischer
v (m min_l) 200-300 300-500 200-300 300-500
-2 2

£ 5,5.107 2 5.10"2 5+10 4,35+10
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Der Matolcsysche Zusammenhang, Gleichung (3), wurde urspriing-
lich fiir Wischerrotor entwickelt. Dieser Zusammenhang ist auch im
Falle des Starrfliigelrotors im Bereich der erwdhnten Flissigkeits-
belastung und Umlaufgeschwindigkeit brauchbar, da der Flissigkeits-
£ilm die Spaltbreite schon praktisch voll ausfillt, so daB starre

Fliigel wie Wischer wirken.

BDiese Feétstellung wird dadurch bestdtigt, daB derselbe Zu-
sammenhang auch im Falle von starren Fligeln im Bereich der Umlauf-
geschwindigkeit von 300-500 m min-1 anzuwenden ist genauso wie im
Falle des Wischerrotors bis zu einer Umlaufgeschwindigkeit von 300
m min-1

Beim Wischerrotor ist die Filmdicke im Bereich der Umlaufge-
schwindigkeit von 300-500 m min—1 ebenfalls mit dem modifizierten

Matolcsyschen Zusammenhang zu errechnen.

Der Zusammenhang von Matolesy ist nur im turbulenten Bereich
gliltig. DBieser Zusammenhang kann {ber giner Zahigkeit von 5 cP
nicht benutzt werden, da die Strdmung bei der in Diinnschichtappa-
raten gebrduchlichen Flissigkeitsbelastung und Fligelumlaufge-
schwindigkeit schon laminar ist. In solchen Féllen kann der mit
einer geeigneten Konstanten korrigierte Zusammenhang von Nusselt,
der auch die Z&higkeitver#dnderung in Betracht zieht, angewandt

werden.

Die Korrektionsfaktoren des Nusseltschen Zusammenhanges
wurden zur Errechnung der Filmdicke, iUber Zahigkeiten von 5 cP, in
Tabelle 3 zusammengefasst.

Tabelle 3

Starrer Fliigel Wischer

n (cP) 4,8 18,6 53,3 4,8 18,6 53,3

£ 1,10 0,855 0,670 0,756 0,585 0,504
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Aus den Gesagten ist also zu entnehmen, daB die Flissig-
keitsbelastung und die Z&higkeit die Filmdicke entscheidend beein-
flussen. Diess Feststellung bezieht sich auf Fligelumlaufgeschwin-
digksiten und Fliissigkeitsbelastungen,die die haufigsten Betriebs-
parameter von Diinnschichtapparaten (als Verdampfer oder als Reak-

tor) darstellen.

g8ei Durchfiihrung der Eindampfung, Destillation, chemischen
Reaktionen und anderer Operationen gibt die Filmdicke AufschluB
iber die Strdmungsverhdltnisse des Flissigkeitsfilms. Die Leistung
des Apparates héngt von der guten Ausnutzung der Oberflache ab,
vorausgesetzt, daB die Benetzung gleichmdBig ist, und der Flis-
sigkeitsfilm noch nicht so dick ist, daB die filmartige Strdmung
der Fliissigkeit nicht mehr bestehen wiirde. Die Erh8hung der Film-
dicke fiihrt aber zur Verschlechterung der Stoff- und Warmeiibertra-
gung.

Auch in zwei extremen F#llen der in einem Rotationsdinn-
schichtapparat durchgefihrten Wasserdampfdestillation spielt die
Filmdicks esine wichtige Rolle, wund zwar, wenn gine kleine Menge
der flichtigen Komponente von groBer Menge der nichtflichtigen
Komponente getrennt werden muB, oder wenn die praktisch ganze

Menge des zu destillierenden Stoffes flichtig ist.

WASSERDAMPFDESTILLATION IM DONNSCHICHTAPPARAT

Das bekannteste Beispiel fir dis TrEgerdamdeestillation [18,
193 ist die Wasserdampfdestillation von hochsiedenden hitzeempfind
lichen Substanzen.Da Wasserdampf als Tragerdampf fir viele organi-
sche Fliissigkeitan geeignet jst und verwendet wird, spricht man in
diesen F5llen von Wasserdampfdestillation. Die Zufuhr des Wasser-
dampfes hat einmal den Zweck.die destilli-~baren Anteile eines Ge-
misches vom nichtflichtigen Rickstand abz. rennsen und zum andsren
zus3tzlich den Vorteil, daB gine Siadetemperaturarn1adrigung ein-

tritt und damit eine thermisch schonendse Behandlung erreicht wird.
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Dis Wasserdampfdestillation wird besonders zur Reinigung und Tren-
nung von wasserunldslichen oder nur wenig wasserl&slichen Substan-
zen unter Normaldruck oder Vakuum-in Gleichstrom- oder Gegenstrom-
verfahren angewandt, wie z.B. zur Destillation von Fettsduren,
Fettalkoholen, &therischen 8len, Anilin, Talldl, Benzine, Teerfrak-
tionen usw. Die Steinkohlenteerdestillation verwendet z.B. ‘&us
Kohlendioxyd, Stickstoff und Wasserdampf bestehende Abgase als
Tragerdampf [19-26].

Das Verfahren der Destillation mit {berhitztem Wasserdampf
wird in der Technik h&ufig benutzt,um die Fllchtigkeit hochsieden-
der Verbindungen zu erhdhen bzw. deren Siedepunkt zu erniedrigen.
Diese Methode unterscheidet sich wesentlich von der {blichen Was-
serdampfdestillation, bei der ein gesAttigter Wasserdampf-Strom in
die mit Wasserdampf zu lbertreibende Flissigkeit eingeleitet wird.
Die Destillation mit Uberhitztem, d.h. unges&dttigtem Wasserdampf
eignet sich infolge der durch den Dampf-Zusatz erzwungenen Tempe-
ratur-Erniedrigung innerhalb des Bereiches guter Trennbarkeit be-
sonders zur Trennung hochsiedender Stoffgemische [27, 281. Zum Un-
terschied gegeniiber der Destillation mit ges&ttigtem Dampf 1&Bt
sich aber nicht nur der Destillationsdruck, bzw. die Destillation-
temperatur, sondern auch die Zusammensetzung des Dampfgemisches,

d.h. die Wasserdampf-Zufuhr, genau einstellen.

Das theoretische MaRverh&ltnis der flichtigen Komponente,
GS zu Wasser GDT im anfallenden Destillat beschreibt Formel (4)
f18, 27, 29, 303:

Gg Ps Mg
- - (4)
Cpr pp My

wobei Pp» Pg Partialdruck des Wasserdampfes, bzw. des Dampfes

des Uberdestillierten Stoffes, Torr;

MS, MH Molekulargewicht des Uberdestillierten Stoffes

und des Wassers.

Bei diskontinuierlicher Wasserdampfdestillation beschreibt
Formel (5) die theoretisch notwendige Menge des Wasserdampfes zu

einer gewlinschten Endkonzentration der fllchtigen Komponente. Bei
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dieser Gleichung wird in Betracht gezogen, daB sich der Partial-
druck der fliichtigen Komponente mit der Abnahme ihrer Konzentrati-
on vermindernt [31-34].

A

Gyy = 18 (—%;-1)(/\1 -A2)+P—P-!:-lnz§ (5)
wobei

GDT die theoretisch erforderliche Menge des Wasserdamp-
fes, g1

P Gesamtdruck, Torr:

PA Oruck der flichtigen Komponente, Torr,

Al Anfangs-Menge der fliichtigen Komponente, Mol;

A2 Endmenge der fliichtigen Komponente, Mol

N Molenzahl der nichtflichtigen Komponente.

Zur Untersuchung wdhlten wir als Versuchsgemisch das System

Paraffindl-Nitrobenzol.Die Nitrobenzolkonzentration war etwa 10 %.
Oie Gleichgewichtskurve des Gemisches wurde nach OTHMER bestimmt.

Es stellte sich heraus, daB eine positive Abweichung von dem
Raoultschen Gesetz vorliegt. Deshalb wurden die Werte von PA auf-
grund der Gleichgewichtskurve berachnst.

Im Falle des kontinuierlichen Gegenstromverfahrens wurde die
theoretisch notwendige Menge des Wasserdampfes mit Hilfe der Glei-
chung (6) berechnet.Diese Gleichung kann ausgehend von der Stoff-
bilanz und Gleichung (4) abgeleitet werden.

- P . -
GDT = 18 (—E; 1)(A1 A2) (6}

Meistens ist das entstehende Dampfgemisch infolge ungenigen-
der Gleichgewichtseinstellung nicht vollst8ndig mit der flichtigen
Kompenente pgesdttigt. Deshalb muB man mit einer S&ttigungszahl
(¢} rechnen.

Die Sattigungszahl ist der Quotien* der theoretisch bendtig-
ten und der praktisch eingeleiteten Maeng. des Wasserdampfes.

Die Versuche wurden teils in einam diskontinuierlich betrie-
ben Rihrkessel von 2,5 £ Inhalt, teils kontinuierlich in einem
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2 Heizfliche (Durchmesser: 81 mm)

Dinnschichtapparat wvon 0,12 m
durchgefihrt. Der Rihrkessel befand sich in einem Thermostat, so
konnte man die Kondensation des Wasserdampfes vdllig vermeiden.
Der Dampfiberhitzer wurde zwischen der Dampfleitung und dem Rihr-
kessel untergebracht und mittels eines BOlbades auf die gewiinschte
Temperatur gebracht. Die Proben wurden von Zeit zu Zeit genommen,.
als sowohl das Gemisch Paraffindl-Nitrobenzol als auch der iber-
hitzte Dampf die gewilinschte und gleiche Temperatur erreichten. Die
Nitrobenzol-Gehalte der Proben wurden UV spektrophotometrisch be-

stimmt.

Der auf die fliichtige Komponente bezogene Wirkungsgrad (n)

gibt die lbergetriebene Menge in Prozenten an.

Die kontinuierlichen Versuche wurden in einem Dinnschichtap-
parat vorgenommen. Den Dinnschichtapparat konnte man auch als frei-
fallfilmapparat einsetzen. Die Versuchsanordnung ist im Bild 3
schematisch dargestellt. Das zu verdampfende vorgewdrmte Substanz-
gemisch wurde aus dem Beh&lter E mittels einer Dogierpumpe F durch
den Stutzen 1 gegen einen umlaufenden Verteilerring gedriickt, der
die Flissigkeit an die Innenseite des Verdampferrohres schleuderte
und dadurch fir eine gleichmdBige Aufgabe sorgte. Der Zyklon C
war zwischen der Bampfleitung und dem Oberhitzer D eingebaut, und
der ilberhitzte Wasserdampf wurde durch den Stutzen 3 in den Appa-
rat eingeleitst. Die aufsteigenden D3mpfe traten oben lUber eiren
Tropfenabscheider 10 in den Bridenstutzen 5 und wurden von dort
aus zum Kondensator B geleitet. Die nicht verdampften Ricksténde
sammelten sich unten zusammen und verlieBen die Apparatur Uber
den Stutzen 4. Oie Verdampfungswdrme der fliichtigen Komponenten
wurde durch den in den Heizmantel eingeleitetan Dampf zugeleitet.

Zur Erzeugung eines turbulenten Filmes standen drei Rithrer-
arteon zur Vaerfiigung. Im ersten Fall waren die Fligel als bewegli-
che, die Wand des Apparates stdndig abstreifende Wischer ausgebil-
det. Das Wischer System Typ Sambay [1, 11] wurde so konstruiert,
daB die Fligel 1in erster Linie die herunterflieBende Fliissigkeit
und nicht die Wasserddmpfe rihrten. Im zweiten Fall waren die Fli-
gel fest an der Welle befestigt [35, 36], und bewegten sich in 0,5
mm Entfernung von der Apparatewand. So wurde in erster Linie dsr
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Dampf gerihrt und die Flissigkeit mit dissem Dampf in Berlhrung
gebracht. Im dritten Fall waren horizontale Versngungsplatten in
den rotierenden Teil der starren Fliigel eingsbaut [37, 38, 39].Die
Strémungsgeschwindigkeit der D&mpfe steigt in der N&he der Veren-
gungsplatte wesentlich an,wodurch der Stofflibergang zwischan Dampf

und Flissigkeit verbessert wird.

Die auf den Bildern dargestellten Punkte sind Durchschnitts-

werte von mehreren parallelen MeBwerten. Im Bild 4 ist der Wir-

——

a—
7 B
90 1"
. 80 +!i< 4
7044
™,
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1 2 3 4 5 6
) Wasserdampf
odellgemisc ]

Bild 4. Abhdngigkeit des Wirkungsgrads vom L1 Verhdltnis bei very
schiedegen Rihrwerken. Umlaufgeschwindigkeit: 470 m min 3
t = 126 C. 1 - Freifallfilm; 2 - Wischer; 3 - starrer Fli-
gel; 4-5 - Rihrwerk mit Verengungsplatten
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kungsgrad als Funktion des Wasserdampf-Modellgemisch-Verhdltnisses
bei der Anwendung von Wischern, starren Fligeln, starren Fliigeln
mit Vsrengungsplatten und Freifallfilmapparat dargestellt. Die
Zufuhr des Wasserdampfes war konstant und zwar 275 g min—l, ausge-
nommen die Versuche mit Verengungsplatten, wo dieser Wert infolge

‘Flooding 150 g min~1 war.

Es ist ersichtlich, daB der Wirkungsgrad beim Freifallfilm
vigl geringer ist als bei der gerihrten Dinnschicht. Es stellte
sich heraus, daB der Wirkungsgrad sich beim gerihrten Flissig-
keitsfilmen mit dem Typ der Rihrwerk etwas verdndert. In erster
Linie kommt die vorteilhafte Wirkung des mit Verengungsplatten
ausgestatteten Fligels zur Geltung. Oer Unterschied zwischen den
Wischern und starren Fliigeln ist nicht sehr ausgeprédgt. Die Kurve
5. bezieht sich auf die Versuchsergebnisse bei der Anwendung ei-
nes sisben Verengungsplatten tragenden Rilhrwerkes und die Kurve 4
Zeigt die MeBwerte des mit drei Verengungsplatten ausgestatteten
Rihrwerkes. Der giinstige EinfluB des mit Verengungsplatten aus-
gestatteten Rihrwerkes konnte darauf zurickgefiihrt werden, daB
der Kontakt und der Stoffiibergang zwischen den D&mpfen und der an
der Wand abwérts flieBenden Flissigkeit verbessert wird.

Bild 5 zeigt die S&ttigungszahl, bezogen auf das Verhdlt-
nis zwischen dem Wasserdampf und dem Modellgemisch unter Anwen-
dung der erwdhnten Methoden. Wesentliche Unterschiede konnten nur

zwischen Freifall- und gerihrtem Film festgestellt werden.

Bild 6 und B8ild 7 zeigen die Anderung des Wirkungsgrades
und der S3ttigungszahl in Abhdngigkeit vom Wasserdampf-Modellge-
misch-Verhaltnis bei verschiedenen Umlaufgeschwindigkeiten des
starren Flligelsystems. Dsr Wirkungsgrad und die S&ttigungszahl
nehmen bei der Erhdhung der Umlaufgeschwindigkeit zu. Oieser Ef-
fekt ist viel geringer beim Wischersystem. Bsi Verengungsplatten

karn man h&chstens von einer &hnlichen Tendenz sprechen.

Die Leistung des Diinnschichtapparates wurde sbenfalls be-
stimmt. Es wurde festgestellt, daB unter 92-87 prozentigem Wir-

kungsgrad und 1:1 Dampf-Flissigkeit~Verh&ltnis eine Oberfléchen-
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Bild 5. Enderung der Sittigungszahl in Abhdngigkeit vom D yernil
nis bei vgfschiedenen Rihrwerken. Umlaufgeschwindigkeit:
470 m min ~; t = 126 C. o - Wischer; x - starrer Fligel;
A + - Rihrwerk mit Verengungsplatten; ® - Freifallfilm.

belastung von 200 kg Modellgemisch/h m? erreicht werden kann. Es
ist noch zu betonen, daB die mittlere Verweilzeit unter den erwdhn

ten Bedingungen etwa 30-50 Sekunden betragt.
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Vergleicht man die Meflergebnisse der kontinuierlichen Ver-
suche mit denen der diskontinuierlichen, so ist festzustellen, daB
die erforderliche Menge des Wasserdampfes unter gleichen Versuchs-
bedingungen in einem Dinnschichtapparat viel geringer ist. Das ist
verstdndlich, da der Diinnschichtapparat im Gegenstrom arbeitet.
Das zeigt Tabelle 4.

Tabelle 4. Vergleich einiger MeBergebnisse von diskontinuierlichen
und kontinuierlichen Versuchen

Wirkungsgrad: 75-76 %; t = 126°C.
Wasserdampf-Modellgemisch-Verhdltnis: 0,370 g/g.

Kontinuierlich

Diskonti-
nuierlich starrer Verengungs-
Fligel platten
kg Wasserdampf
16,85 4,16 3,90
kg Nitrobenzol
theoretisch
kg Wasserdampf
17,30 5,00 4,31 )
kg Nitrobenzol '
gemessen
Sé&ttigungs-
97,30 83,40 90,50

zahl (%)

Es stellte sich weiterhin heraus, daB die Leistung des Dinn-
schichtapparates in Vergieich mit dem Rihrkessel bezogen auf den

Apparaturinhalt etwa £-10-mal gréBer ist.

Untersucht man die S&ttigungszahl in Aphdngigkeit der Aus-
gangskonzentration der flichtigen Komponente bei den im Rihrkessel
durchgefihrten Versuchesn, so kann man feststellen, daB diese bis
zu 1,5 Prozent stark ansteigt (Bild 8).
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Bild 8. Anderung der Sdttigungszahl in Abhingigkeit der Konzentra-

tion der fllchtigen Komponente. t = 126°¢.

Eine &hnliche Tendenz war auch beim Dinnschichtapparat zu
beobachten. Das bedeutet, daB der Stofflibergang besonders bei der
Entfernung der unerwiinschten fliichtigen Stoffe von geringeren Kon-

zentration eine wichtige Rolle spislt.
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PE3OME

Mpu NpuMeHeHUH NNEHOYHHX POTOPHBX annapaTcose BCTpPeHawToA
cnydau (Hanp. swnapuBaHHe, XUMHYECHanR peaxunA), MpH HOTOPLIX
onpefeneHMe TONWMHE NABHHM 3aTPYJLHEHD, WAW Me HEBO3MOMHO. B
TaHMX CNy4a8AX Oufla BLUYMCNEHA TONWWHE MNABHKW U3 yuenecoobpasHo
npeobpasceaHHux cooTHowenwd HYCCEJLTA, BPEY # MATOJIbYH, wo-
Topar GuLna COMOCTARNiEHA C TOMWHMHOH MBHHK, onpegeneHHon w3
CABTHHX JaHHex. OneTe GujiM BHMNOAHEHH B MJEHOYHHX  pOTOPHLIX
annapatax pasnux pasvepos (0,0386; 0,0578; 0,1140; 0,1260;
0,63; 5,53 M2), c MNPUMEHEHWEM HaCBHWHXCA W HECTHHUX nonacTen.

-3HAHUB TOMWMHE MABHHKKW BAKHO W B Cny4ae AUCTHUANAUKH C
BOJAHHM MapoM, TaH Hak nojAydvyaeTcA WHGOpPMAuWMA 06 YCNOBHAX
Macco- u Tennonepefadd, a TaHKe W 0 HarpywaemocTw annapaTta.
Npu ncnuTaHuAx Bona Hay4eHa MNPHMEHWMOCTb  pa3HbIX npoyeccos -
KaH HanpuMep NAEHOYHOrO nNpouecca NepHoOAWYECHOr0 pewuma, npo-
Hecca C MABHEBYHWM TEYEeHWEM W MNBHOYHOrOo POTOPHOrO npouecca -
ANA DWCTUANALWK C BOAAHLM napom. CBegeHuAMM ONLTOB Obna no-
AyyvyeHa MHOOPMAUWA O TOM, MpPH KEBHMX YCNOBHAX MOMHO BBHNONHHWTE
AWCTHAAAUMID C BOARHLIM Napom Hawbonee MpedMywecTBEHHO B Ciay-
4ae jJaHHoro npoeuyecca.
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The material systems of technical chemistry, the
changes occurring in these, their interpretation and
their mathematical description are presented in this
paper.

The qualitative description of the material
systems was provided by determining

- the components present in the system,
- the relations between the components and
- the state of the system.

A quantitative description of the systenms is
presented by a matrix structure.

The technical chemical changes are characterized
by the nature and type of the change and so it was
possible to define the most important elementary chan-

ges.

Technical chemistry deals with material systems and with
changes occurring in these [1] and the algebraic description of

these will be given in the following.

—————— e

*TPhe first publication appeared in Fung.J.Ind.Chem. 1, 17 (1973).
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DESCRIPTION OF MATERTIAL SYSTEMS

1
Qualitative Desecription

The starting point for the mathematical formulation of the
systems is the following.

The material system is characterized by
- the components present in the system,
- the relations between the éomponents, and
- the state of the system.

According to the above-mentioned characteristics, the mate-
rial systems can be described by the following mathematical struc-

ture:

A = A{K, P, T} (1)
where

P - is the pressure,

T - is the temperature,

x>
'

is the mathematical structure describing the
components and the relations between these
components.

The relation between the components may be

-~ homogenous, such as e.g. in the case of a mixture of liquids or
a solution of a solid. The designation of the homo-
genous relation is the following: ——>

- heterogenous, such as e.g. a liquid dispersed in a gas or a humid
solid. The designation of the heterogenous relation
is the following: —

The components can be characterized by the following struc-
ture:
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K=K {ay4, o155, 216, B, a3, ay, as} (2)

where the first four elements designate a qualitative, whereas the

others a quantitative property:

ajy = crystal structure,

215 ~ chemical structure,

a1 — biological structure,
B ~ the state of the pure components of the mate-

rial system pertaining to a pressure P and
a temperature T. This may be

81
Bz
83
By

solid
liquid
gaseous
plasma

a3 =~ scattering; the distribution of the component
in the material system. The distribution

may occur according to space co-ordinates

or according to time.

The distribution according to space co-ordinates may be
characterized by the scattering as used in the probability calcu-

lus:

1 (e ~ c)2 av
v

(3)

a?

fIJ av
v

or with the entropy of mixing:

fff ¢ 1n ¢ av

v

. A (%)

kK Zainc ffJ av

where

< 0ot o

v

- is the concentration ¢i the component,
- is the mean concentratiosn of the component,
- is the volume of the system.
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The fluctuation in time of the distribution of the component

in a given point is

t

02 =% [ (c-3)? at (5)
(o]

a* - is the characteristic dimension of the state of appearancé of
the component. Should +this not exist, a "zero" is written in
the algebraic structure (2) to the corresponding place. The
dimension can be described 'e.g. by the equivalent sphere
diameter, mass, volume, surface area, or also by the following
expression:

(o] n
= B 6
ay G ()
where

n - is the number of entities in the component,

G - is the mass of the component.

a5 - form. This can be given by the form factor (¢), by the ratio

of characteristic dimensions, etc.

In accordance with Equation (2), a mass of spherical (¢ =1)
y-ferric oxide particles, 1 mm in diameter, can be described by

the following structure:

K(y ferric oxide) = Ky, Fez03:0, 81, 0, 1, ¢ =1} ()

It is not always necessary to describe the components by the
total mathematical structure. It is sufficient to describe only
such elements as are of importance in the given individual case
(e.g. which undergo some change in the process where the raw mate-
rial is transformed to a final prodﬁct).

if, for example, only the chemical structure of the component
is of iInterest, we may write:

¥ = X{Fe,03. ferric oxide
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or if only the state is of importance:

K = K {8;} solid component

When writing the expression for the components and the rela-
tions between them, the component determining the state of appear~
ance of the system should be written in the first place. If the
system is determined not by any one of the components but by their
joint entity, the order in which the structure is written is of no
consequence. In such a case, the designation of the homogenous re-
lation is <> and that of the heterogenous one is < ,

A few examples for the homogenous relation between the com~

ponents:

K1 (B2} & K, {83} (8)

LR
"

liquid mixture:

=
L)

solution of a solid: Ky {B2} =—> K, {B;} (9)
a solid dissolved in

a liquid mixture: K = [K;{By} «>Kp{8p}] => K3{8;} (10)

Examples for a heterogenous relation between the components:

humid solid:

IE = Kp{B1} — Ki{B2} (11)
suspension:
K = Ky {8} — Kp{B81} (12)

gas bubbles in a liquid:
K = K;{82} — K{B3} (13)
liquid droplets in a gas:
K = K{83) —> K;{82} (14)
liquid mixture dispersed in a gas:
K = [K;{B3} €=> Kp{83}] — [K3{By} €« Ky(82}]1  (15)

The material systems which ca- be realized by relations

between the components are summarized in "able :.
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Table 1
Component 2.
Nature of Solid Liguid Gaseous
relation Component 1. 81 B2 B3
Determining
liquid adsorbed gas dissolved
= at a solid in or ad-
. phase sorbed at a
o solid homogenous solid phase
g &= 8 solid-solid
[} 1 system; mixed
o crystal,alloy,
° glass
0 . .
: . . solution of a gas dissolved
: = 11‘;‘2‘“‘ solid in a liquiad
liquid mixture
)
S = gas sublimated liquid wvapour
matter in a in a gas
3 B3 gas
gas mixture.
non-dispersed 1liquid moving gas moving
— solid-solid together with together
solid system solid with solid
81 mixture of thick slurry non-disper-
solids sed hetero~
° genous
solid-gas
3 system
o
o suspension emulsion gas bubbles
o in & liquid
" liquiad
8 thick slurry non~dispersed, non-disper~
° 2 immiscible sed liquid-
M — ligquid-liquiad -gas system
[ system
+ - :
° flue dust in liquid droplets
—_— a8 gas
yel gas
B3 non-dispersed non-dispersed
heterogenous ligquid-gas
solid~-gas system

system
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Quantitative Description of Material Systems

The material systems can quantitatively be described by a
mdtrix. The 1line vector (2) giving qualitative description is
applied and resolved to two parts: one part describing the compo-

nent

K* (ayy, a15, a1, B) (16)
and the other describing the phase:

K'' (B8', a3, ay, as) (17)

In the case of more than one component and more than one
phase, two matrixes are obtained. The component-matrix is the

following:

(e1y)
(e15)1

(a16)1

(a1y)2 v
{ays)2 ...

(“16)2 e

(18)

(8) (8)2 oo
and the phase-matrix:

(8' ) (a3)y {ay ) (ac)

(B')> (a3)2 {ay)2 (ag)2
(19)

A quantitative matrix containing as many lines as the number of
the phases .and as many columns as the number of the components in
the system is obtained from the above mentioned two matrixes
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[ (ayy): e
(a15) cee
(u15)1 e

(8) cee
L ! - (20).

(B')y (a3)1 f(ay)1 (as)h [(x11 x12 cee ]

where x is the weight fraction.

A further column vector, containing the information valid for
the whole material system, is added to the matrix system.

a1, t

az, Y

a3

a7, (T) (21)
ags P

W

gt

where
a] is time; ty in the starting state, t_ in the final
state, O in the case of a stationary system,

as is place; Yo' input, v exit; 0 if there is no
change,

ajy is the scattering of phase distribution,
ay is the temperature,
ag is the pressure,

w is the mass flux, if a; = O, or the mass of the
0,

system, if a,
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B! is the state of the phase,
g'' is the state of the material system.

For example, let us consider a material flux of a rate 15
kilograms per hour, T = 20°C, P = 1 atmosphere, containing uni-
formly dispersed NaCl particles of 1 millimetre size and of a form
factor of 0.7 at a ratio of 0.2, suspended in a solution containing
60 per cent ‘water, 20 per cent ethyl alcohol and 20 per cent NaCl

solution. For this case we can write:

e 0 0
NaCl H20 02H50H
0 0 0
L B1 B2 Ba |
Yo - -
0 82 0 0 0 0,16 0,48 0,16
20 81 0 1 0,7 10,2 0 o |
1
15
L B2 |

Operations such as addition and subtraction can be carried
out with the matrix systems. However, only matrix systems in which
the phases and components are same and equal, can be added or sub-
tracted. Should this not be the case, the matrixes should be com-
plemented.Prior to addition or subtraction the x-es are multiplied
by W, the elements of the quantitative matrixes thus obtained are
reduced ' and divided by W, + wz. The elements of the qualitative
matrixes remain unchanged and the reduction of the elements of the
column vector is only indicated.

Various functions such as e.g. specific heat, can be inter-~
preted by the matrix structure.In this case, a Ci, value pertains
to every Xi,j value,and if it is an additive property, the C value

put into the column vector can be written in the following form:
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C = XX x., «C, (22)
The qualitative mathematical structure can be supplemented by the
property designated by C:

A (x*, p, 7, C} (23)

where C represents in the above-mentioned example the specific
heat of the material system. As already mentioned, only the rele-
vant parameters are given in a number of cases; in the example
this may be the specific heat only, and accordingly the short
mathematical structure is the following:

A {c} (24)

The quantitative description of material systems can also be
performed in the following manner,

The component is described by a column vector

ais {25)

and the phase by a line vector
[g'y a5, Ty P, ¥, t] (26)

(The designations are the same as used in the foregoing.)

In the description of non-streaming materidl systems the

following quantitative parameters are given for all of the compo-~
nents of all of the phases:

g =~ mass
v = volume
n - numericality
s, -~ entropy of mixing
The parameters are indexed according to the components (i) and

phases (j), for example:

€i,3
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The following specific quantities are interpreted:

weight fraction:

g.
ey g = = (27

volume fraction:

e = Lad (28)

. i,d VJ
phase fraction:

v
€ = —-J—-— (29)

density:

-3
= —iad (30)

mean mass:

_ g
gy = —;i— (31)
J
specific entropy of mixing:
S.
S? 3 = _lL1 (32)
’ gi,j

In the description of streaming material systems the follow-

ing quantitative parameters may be given:

W - mass flux
p - volume flux
m - numericality
£ - flux of entropy of mixing
In a way analogous to the foregoing, the following specific

quantities are interpreted:

weight fraction:

W,
e, = =l (33)
i,3 W
4
volume fraction:
P
e, , = —ad (34)
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(35)

.(36)

(37)

(38)

17k T. Blickle, Mrs, E. Bidtor and Mrs. Zs. Halész
phase ratio:
p
e, = —id—
Ix Py
J
density:
[ _Li "'L
i3 b,
»J P; .3
mean mass:
F Y]
i .
»J ml,J
specific entropy of mixing:
L.
s® = —2ad
g
The Mt quantitative matrix of a non-streaming material sys-
tem:

(8'")1, (as)ys Tys P14 tl]

(@14)1 soevnvennn (alu)i
(215)1 covvecenns (als)i
(a16)1 covvvvenes (ale)i
(8), . - (8); .

(S'V,n,sk)l"e Y

(g!v’n's

LAY

..

k'i g °°°

(B')J. (°5)J‘ TJ’ PJ' tJJ (g,v,n,sk)l,J . (g,v.n,sk)i.J .

(39)

The Mg quantitative matrix of a streaming material system:

(831, f{as)i, T1, Py, Y11

' ? ~r
(8 )J, (US)J, Tj’ }":a.l

R“lk)l Creareees
I(u15)1 sees et ey (als)i
‘(015)1
BB)}

. (u]k)i

(kw,p.m,l)l R

{
N

w,p.m,&)l'd cae

r

(w,p,m,2);

(Vsp"m"e)i'l
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The matrixes given in Equations (39) and (40) can, according
to the experience, be more easily applied for the quantitative
characterization of material systems, than the quantitative matrix
described by Equation (20).

TECHNICAL CHEMICAL CHANGES

.

The changes can be considered as to

the nature of the change and
the type of the change.

The following designations are introduced:

the characteristic is designated by e

the type of the change by v

the nature of the change by s

the change by V

the various material fluxes are designated by "o",
the designation of "and" is A
and that of "or" is V.

The nature of the change (6)

- Linear change: §;

in graphic representation: A; ~— o ~> A, i.e. material system
Ay 1is changed to material system A;. Such changes are e.g.

transportation or a change in temperature.
- Combining change: §;

Ay

N
e

Ay

0o == Aj

Two material systems are combined tc give a third one; e.g. com-
bination of two material streams, disc:lution, chemical combina-

tion.
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- Resolving change: &3

A] 0

LY

e.g. separation of two material streams, crystallization, chemi-

cal dissociation.
- Exchanging change: &,
Ay Aj
~.
Az/' .
This is the change of the most general nature in which two mate-
rial streams are changed so as to yield two other material

streams. For example, adsorption of a solute, mutual chemical

exchange, etc.

From now on '"the nature of the change" will be applied
in generally sense. In written form an index (1-4) before the V
will refer to the nature of the change.

The Types of the Changes

a) Change in the place (aj): v,

{The direction of the change is shown by the sign #.)
The nature of the change may be &, V 6, V §3.

Linear change:
+ +
V1 = vi A& (41)

Such is e.g. transportation.

Combining change:
2V = vy A Sy (lI»Z)

E.g. combination of two totally miscible streams.
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b)

c)

d)

Resolving change:

3V = vy A 83 (43)

E.g. resolution of a stream into partial streams of identical

properties.

Change in the scattering (a3): v,

A change according to the place or time co~ordinates in the
distribution of any of the characteristics is representated by
the change in scattering. Increasing scattering is given a po-

sitive sign, decreasing scattering a negative sign.
The nature of the change may be: &y

Vs = vi A8 (44)

E.g. pressure-equalizer buffer vessel.

Change in the dimensions {(ay): v3

The nature of the change may be: §1 vV 82 Vv 83,
Linear change:
1Vg = v3 A &g (Ls)
E.g. increasing or decreasing of dimensions.
Combining change:
2V3 = v3 A &y (46)

E.g. supplying a dimensionless body with dimension (freezing).

Resolving change:
V3 = v3 A &

E.g. abolishment of dimensions (sublimation).
Change in the form (as): vy

The nature of the change may be: §&§; v 6, v §3.
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e)

f)
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Linear change may be the change 1in the form of the material

system along a favoured direction (t),
Vi = vi A & (48)

Combining change may be supplying a formless system with form:

2aVy = vy A &y (49}
Resolving change may e.g. be the abolishment of form (melting):

3Vy = v A 83 (50)
Change in the temperature (ag): vs

The nature of the change may be: &§; v 8§, v &§3.The change in the
temperature may be brought about by processes occurring in the
material system (e.g. evaporation, consideration) or by an

exchange of energy.

Linear change: change in temperature without external energy

exchange:

Vs = viA & (51)
E.g. heat exchange.

Combining change: the temperature increases by the introduction
of external energy:

2Vs = vg A 65 (52)

Resolving change: the temperature decreases in consequence of
heat extraction:

3V5 = Vs A 53 (53)
E.g. expansion-type refrigerators.
Change in the pressure (az): vg

The nature of the change may be: &y v §, VvV §3.
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g)

The change is a 1linear one, 1if the change in pressure occurs

without the action of external energy:

Vi = Ve A&y (54)

such as boiling or condensation.

The change is- combining, if the pressure is increased by the

action of external energy:

2Ve = ve A 82 (55)
e.g. compression.

The change is resolving, if the pressure is decreased by the

action of external energy:

3Ve = ve N Sy (56)
e.g. expansion.

Change in the state (ag): vy

The nature of the change may be only linear. The direction of

the change may be positive:
V7 = vil A 8 (57)
e.g. a liquid is produced from a solid. Or it may be negative:

ol o= vl A & (58)

e.g. a solid is produced from a liquid. Fquations (57) and (58)

describe one-step changes in state.

In general form:

b T
Ayo[Ba] + V2 = Ayv[85+l] (59)
a = 1, 2
where A = initial,
yo
A = final material system
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1 =
Ayo[Ba] + 1Vy = Ayv[aa-l} (60)
a = 2,3

Two-step changes in state
A gas is produced from a solid:

A [gy] + V32 = A_ [83]

yo' Bl 1V7 yv B3 (61)
A solid is produced from a gas:

-2
Ayo[Ba] + vy = Ayv[el] (62)

h) Change in the phase ratio (ag): vg
The nature of the change: &8, V 63 V 84

Combining change: a heterogenous system is produced from separa-
te material streams, or - with different wording - material

streams are united to a heterogenous system:
2Vg "= vg A 683 (63)

A o A

voul + ,Vg = A — A (64)

¥0,2 yv,l yv,2

e.g. preparation of a suspension.

Resolving change is, naturally, the resolution of a heterogenous

system
3Vg = vg A 683 €65)

o A (66)

A — A + 3Vg = A ¥v,2

yo,l yo,2 yv,l

e.g. filtration of a suspension.
Exchanging changes place the heterogenous connection to between
other phases.

WVg = vg A 8y (67)
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i)

i)

(g, — Bb] o A

Ayo,l a [801 + uVg =

yo,2

= A [Ba] o A

vl (6, — 8,1 (68)

yv,2
e.g. humid dust separation.

Change in the ratio of components within the phase (aj;g3): vy

The nature of the change is: 8, Vv 83 V §,.

The change is combining, if heterogenous phases are united to

give a homogeneous system:
2V9 = Vg A 62 ) (69)

Ayo[Ba — B,1 + 5V = Ayvtea == 8,1 (70)

The change may be regarded of resolving nature, if a homogenous

system is resolved into a heterogenous one:
3Vg = vg A 63 (11)

AyOCBa::Q Bb] + 3Vq = Ayv[ﬁy -— Bb] (72)

e.g. crystallization by cooling.

Exchanging changes occur with transportation of the homogenous

relation:

MV9 = Vg A 6“ (73)

Ayo((Baz) Byl 8.1 + Vg =

= A (8, = B8) — 6] (74)

e.g. crystallization by salting out.

Change in the crystal structure (aju}: Vig

The nature of the change may be: &y v &; v é3.
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Linear change is a change in crystal modification; e.g. a-iron

is transformed to y-iron.
1Vig = vig A 8, (75)

Ayo[(alq)ll + 31Vip = A v[(“lk)z] (76{

y

Combining change is the production of a crystal structure, e.g.
in a crystallization process.

2Vio = vip A &3 (77)

Resolving change is the abolishment of crystal structure, e.g.
melting.

3Vip = vig A 83 (78)

k) Change in chemical structure (a;s) and in the distribution of

chemical elements among the components (ajyj): vii

The nature of the change: §; Vv 6§, V §3 V &,

In a linear change no matter is added to the component and none

is removed from it, e.g. izomerization.

tVin = vy A8 (79)
Ayo[(uls)l] + V1 = Ayv[(uls)z] (80)

In chemical combination:

2Vi1 = Vi1 A 8 (81)
Ayo,l[(°15)1] [} Ayo,Z{(uls)z] + 2Vy) =
= Ayv[(uls)g] (82)

In chemical decomposition:

3Viy = vip A 83 (83)
Ayollars)yl + 3vyy =

= Ayv.l[(als)z] [¢] Ayv,2[(°ls)3] (84)
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In chemical exchange:

WVi1 = vi1 A Sy (85)
Ayo,l[(a1s)13 o Ayo,2[(315)2] + 4V =
= Ayv,l[(“15)3] o Ayv,z[(als)q] (86)

1) Change in the biological characteristics: v

where the distribution of compounds among the biological sys-
tems (ayp)s the density of the biological individual (a;j) and
the biological structure (a;s) are regarded as characteristic

figures.
The nature of the change may be: §; Vv 62 V §3.
Linear change is the change of the biological structure.
11z = viz A& (87)
Ayo[(ulg)l] + 1Vyo = Ayv[(ale)zl (88)
Combining change: growth of the biological individuals.
2Via = vi2 A 62 (89)
= Flxi0)
Ayo[(a12)1] + 2Vi2 Ayvxx«»2123 (90)

Resolving change: reproduction of the individuals, which brings
about an increase in the density of the individuals-

3Viz = V?z A 83 (91)

Ayo[(alg)l] + 3Vy2 = Ayv[(013)2] (92)

Death of the individual means a decrease in the number of the

individuals-
3VI% = V;% A 8, (93)
3 =a, 0 3 {9h)
Ayo[(als)ll + 3V12 = Ayv 342 \9
or:
-1 .
A [(016)1] + 3Vi2 = Ayv[(o,‘.“ {(95)

yo
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Equations (31) to (95) interpret elementary changes. A change

is called elementary if only one of the characteristics is changed,
even if such a change would lead to a fictive material system (e.g.
a material possessing a crystal structure, 'but, at the same time,
without any chemical structure). Consequently, a part of the ele-
mentary changes is impossible in itself alone. On the other hand,
elementary changes as defined in the foregoing permit all possible

real changes to be synthetized.
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PESHME

ABTOpL B QaHHOM COOOWEeHWH 38HWMAKTCR MaTepHanbHHMH CHCTEeMam:
TEXHHUYECHON XHMHH, H MIMEHEHWAMW MPOWCXOARWHMHM O HWUM, Janee wana-
rawT HMX TONHOBAHWME H MATEM3TH4YECHOE OMNWCaHue.

HavyecTeeHHOE ONWCAHME MaATEPHANLHBX CHCTEM ObN0 BHNONHEHO 0N~
pegeneHvemM

- HOMMNOHEHTOB, HaAxXOA4AUWWMXCA B CHUCTeme,

- B3aWMMHEIX CBA3ENM MEWMAYy HOMNOHEHTAaMH, H

-~ COCTORHMA CHCTEMb.

MarepHanNbHLE CHCTEMH HOAWYECTBEHHO ONPEABNAEBHH MATPHLHHM BH-~
pamenmem,

TEXHUHO-XHMHYBCHME HIAMEBHEHWA ObAW XapaKTEpH3IOBAHL BHAOM H
THNOM W3MBHBHMA, TaAHWM CNOCOGOM MOMHO GLO OTMETUTL Hantones
BaWHHE 3NEMEHTAPHLE HIMEHBHHA.
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Starting from the physical model, basic equations
are derived for the flow of the fluid, particle motion
and changes in particle density along the radius.These
equations enable the fluid-mechanical properties of
fluidized systems to be described.

The basic equations derived are applied to sys-
tems fluidized with e 1liquid, and equations are
presented for the calculation of the inter-granular
liquid flow rate, of the change in grain flow rate
along the radius and of the void fraction.

INTRODUCTION

Various theories have been described in literature for the
description of the fluid mechanical properties, such as expansion
and viscosity of the layer, and the motion of particles, etc., in
fluidized layers [1, 2, 3, 4%, 5, 6] etc. Based on these theories a
number of equations was derived;however, the practical application

of these is cumbersome and difficult.

In the following, based on a physical model, the derivation
of equations enabling the calculation of the most important fluid
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mechanical parameters will be preseunted. Due to the compositeness
of the system and the mathematical difficulties encountered as a
consequence of the complicated connections, a large number of
approximations and neglections had to be applied and consequently
the final conclusions can be regarded only as semi-empirical for-
mulas. However, it was not considered the aim of the present work
to elaborated an exact theory - this being, after all, in the
opinion of the authors quite impossible due to the complexity and
precariousness of the system - but to arrive at connections which
enable the fluid mechanical parameters, necessary for design and
optimalization, to be calculated to an adequate degree of accuracy.

In order to present a fluid mechanical description of flui-
i

dized systems, the physical model illustrated
in Fig.l was taken as a starting point and
the following assumptions and restrictions

were applied. l

a) The particles in the layer are

sphere-shaped; however, they are

b) The streaming of the medium is l l 1 1 1‘ 11

not necessarily of a uniform size. l
described by the Navier-Stokes ‘

equation. According to this, a rate "“[’_’ ‘E‘
r

gradient is built up along the radius. Tl Pp=0 Ty

c) The flow rate of the medium in the

o

direction y is constant, but the
velocity of the particles at a Fig.l

peint y = 0 is zero and in-

creases with increasing y value. This assumption is not
wholly compatible with the uniform flow rate of the medium
in the direction y. However, this assumption is justified
by the good agreement between data calculated by the ob-
tained formulas and determined experimentally. This will

be reported in the next paper of this series.

d) Motion of the particles along the radius is brought about
by the dynamic equilibrium of two forces. The rate profile
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in the direction of and decreasing with the radius tends

to force the particles 4in the direction of increasing w
radius. It can be shown that - were there no force of
opposite direction - a minimum resistance of the system
would be obtained in a extreme state, where all the par-
ticles would adhere to the wall of the apparatus and the
medium would stream in the space enclosed by the annular

cluster of ‘particles. The unoriented motion of the par=
ticles, brought about by random fluctuations in the flow
rate of the medium, acts against this force of centrifugal
nature. If the particles were of uniform size, these
fluctuations would cause collisions more rarely and would
manifest themselves in a wave-like expansion or! contrac-
tion. On the other hand, if the size of the particles is
not identical, random fluctuations will cause frequent
collisions and the particles will be forced - in a manner
similar to the process of gas diffusion - in the direction
of lower particle density, i.e. in a centripetal direction.
In steady state, the radial density distribution of the
particles is determined by the equilibrium of these two

forces.

In order to present a fluid mechanical description of a
fluidized 1layer, it is necessary to known the values of radial
changes in the flow rate of the fluid streaming between the par-
ticles, the particle flow rate, and the void fraction.

FLOW OF THE FLUID

In order to describe the flow of the fluid, the Navier-Stokes
equations, written for the case of eylindrical co-ordinates, can
be used. The equations are the following [7]:

dul dut u' Juf u' aul
9' R + uﬁ ____P_( + _?- __R. J. + ul _.3 =
RS ar r 3¢ r y 3y
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’ 1 : 2,1 1 2,1
_{L[__‘_l]____i_"} (0
dr dr Lr ar r2 302 r? 3¢ 3y2
du' au' u' au' uéu' Iy !
p! — 9 oy — 2 _ 2, RO o9 =
3T ar r 239 r y 3y

ap 3 a(ru') 32u! Ju! 32u!
= -1 — 4 u'{ —_— [l-————jL-]+ A e, 2 e, gLsp (2)
r 3¢ ar

3u! au' u' 3u’! au’
pt(_.!_’.“'_l*_._{.__x...u'—l =
T ar r 29 ¥ 3y
du’
3ap 1 ¥r —X) 1! 32u? 324!
=___+u.[_____2L__+____1+___z*p (3)
3y r ar r?2 392 3y? ¥

There is no acceleration at a given point of the layer and accor-

dingly we can write:

dul du' su’
R._®2:_Y:9 (%)
9T 3T 3t

The pressure does not alter with changing r and ¢, and consequently

3p ap

Ir 39

(5)

"
o

The system is of cylindrical symmetry and so we obtain:

3u! 32u! 3u' 3y ou' 32y
—B: R. 2. ¢ _JY:__2:0p (6)
20 292 39 392 39 392

There is no force acting upon the system in the direction r and ¢:

P, =P =0 (1)
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It is assumed that the system does not flow in the directions r
and ¢:
dul dul 32u! du’ au! 324!

R R R 9 @ ]

u' = —— = —2 oz = = —t = = 0 (8)
2 5y ar 3y2

1
Ugr

It follows from assumption (8) that:

au! 32u!
:—L =0 (9)
3y 3y2

From Equation (1), (2) and (3), «considering Equations (u4), (5),
(6)Y, (7)), (8) and (9), we obtain:

dp 1 4 du’
— =y - (r —¥) + p (10)
dy r dr dr ¥

The pressure in the layer is proportional to the weight of the

layer [81:
op = A; [e(p - p') + E'p'] gy (11)

from which we obtain:

dp

ay

= Mg [elp - p") + €'p'] (12)

The force acting upon the unit volume is equal to the sum of the
force acting upon the particles plus that acting upon the fluid.

The force acting upon one particle is, according to Stokes,
proportional to the difference in the velocities of the particle

and the fluid [91:

(13)

If the difference is equal to the veloci=ty of the free fall of the
particle, it is self-ecident that the ~orce 1is equal to the

Archimedean weight of the particle and w- 2an write:

vg(p - p') = aju, (14}
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The force acting upon the particles present in the unit vo-
lume is, as derived from Equations (13) and (18):
vele 1) ) (15)
P =—{(u! -u 15
u y ¥y
e
The force acting upon the fluid present in the unit volume
is:
P' = g'p'g (16)

The sum of the forces acting upon the particles and the fluid
present in the unit volume is, on the basis of Equations (15) and
{(16), further Equation (5), the following:

glp - p")e >

p = - (u; - uy) +e'p'g (17)

u
€

The flow of the fluid can be described, on the basis of
Equations (10), (12) and (17), by the following formula:

Alelp - p') + €'p'lg =

du’ ge(p - o')
= ut L d (, &y s —  (u! -u) +e'p'g (18)
r dr dr u y y

Motion of the Particles

In the following, the equation describing the motion of the
particles will be presented. On the basis of the second Newton’s

Law, and taking Equation (15) into consideration, we can

du vip - p'le

vp =z —————e— (u!' - u_ ) - vip - p')e (19)
dr u, y y

After rearrangement and introduction of relative variables we

obtain:

dury . (p - 0")g

u' - u - 1) (20)
ry ry

-84 pu,
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The starting condition is:

Uy (o) = o ) (21)

The solution of Equation (20), taking starting condition

- Eq. (21) - into consideration, is:

(p - p')gr
Uy = (ux"y - 1) {1 - exp[— ———————]} (22)

Due

Velocity can be written as the differential quotient of displace-

ment according to time:

ay (p - 0')ge (23)
— = u (u' - 1) {1 - exp[-— e — 23
dt e ry pn
e
The starting condition is:
u(0} = o0 (2k)

The solution of the differential equation, considering starting

condition -~ Equation (24) - is the following:

(u'_ - 1)u? (p - 06')gr
¥y = (ul - l)u T - u{l - exp[- ——————}} (25)
Ty € (p - 0")e ¢ pu,

Rearranging Equation (25):

u_p f (p - p"lgr
¥y = (u'_ - 1)u r{[l— = ]l-exp[—————]}}(ZG)
Ty € (p - o')sr,‘l pu,

exponential expression by the first

Let us approximate the

two members of the series, i.e.:

- p! 1
(p - p')gT (27)

pu 1+
e
pu,

It was found that a comparative te:t made with the degree of

approximation - Equation (27) - showed the approximation tc be
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better 1if a coefficient of 0.85 1is wused. Accordingly, from

Equations (26) and (27) we have:

(p - 0')ar
pu
y = 0.85(ul - 1)ut 0 _ep,)gT (28)
1+ ————
pu

By solving the Equation (28) for t and introducing the
dimensionless quantity:
- ]
glp p )Ymem

Ay = ——————— (29)

2
pue

we arrive at:

y 3.4 e(u'. - 1)
21 = 1+ \[1 4+ Iy (30)
0.85 u_(ul - 1) Ay

The mean velccity of the particles along the height is:
i = L (31)

The mean relative velocity of the particles along the height, as

determined from Equations (30) and (31), is

l.7(u;y - 1)

ry
3.4 g(u' - 1)
1+ \/; + Iy
Ay

Changes in Particle Density Along the Radius

1f a difference in particle density is built up in the
fluidized layer along the radius, a streaming of the particles
along the radius will start in consequence of this difference.
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This equalization process can start only if the particles perform
an oscillating motion, since in the case of stationary particles
the difference in particle density is not a sufficient cause for
the motion. If the particles are floating, their oscillating
motion can be observed even by the naked eye. The cause of this
phenomenon is - in‘all probability - the fluctuation of the fluid
flow rate in time. The latter has been measured by a number of re-
searchers, e.g. by AEROV [10] among others. The Equation (3)
serving the fluid mechanical description of fluidized layers can

be derived on the basis of the foregoing.

The volume of the particles moving during unit time from one
granular layer into another granular layer in a cylinder jacket of
the radius r and the height dy is proportional to the surface
area of the particles present at the cylinder jacket (2nredy)
and to the vibration rate. A fraction of the arriving particles
corresponding to the void fraction (e') enters the neighbouring
layer at a distance Y_, and accordingly the volume of the arriving

particles (dvI) is:

dv = 2weru_ 4y (33)
I v

The volume of the particles returning from the neighbouring layer
(dvII), if the void fraction was decreased by Ae, while r was

increased by Y., is the following:

avyq = Qneuvdy(r + Yv)(e' - Ae') (3h)

The resultant volume of the transient particles (dVIII) is, evi-

dently, the difference of the two volumes:

dvIII = dvI - dvII (35)

and consequently from Equations (33), (34) and (35) we obtain:

= = [ ' 6
av = Zwuvedy(rAz' Yoe' + Y Ae ) (36)

III
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The expression YvAe' is a secondary small value and may be neglec-
ted:

Ae'Y R 0 (37)

By approximating the e'(r) function by a continuous function:
1]
pet ey, 36— (38)
v
dr

From Equations (36), (37) and (38) we obtain:
dv = 27u_Y edy (r de’ _ e') (39)
vy ar

The particle volume that passed during unit time can also be

expressed by the velocity of the particles along the radius:

dvIII = 2weuery (40)

The particle velocity along the radius is, according to Equations
(39) and (40), the following:

u = -~ uY (EL - QE"'-) J (41)

The distance between the particles may be regarded as equal
to the vibrational length of the particles; the product of the
latter and the vibration rate may be termed the vibration coeffi-

cient:

K = u Y (42)
v

The continuity rule is:

du a, ' du
—-..-—R + .—-—R + -—1 = [s] (l‘3)
ar r 3y

From Equations (ul), (42) and (43) we obtain:
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d?e Ju

K, = - (k)
ar? 3y

Let us take the integral means according to height:

£ oy .dy = ; [(“y)y=Y - (uy)y=0] (45)

1
Y

As a first approximation, arithmetical means may be taken:

i = (wydymy * (3y)y=0 (46)
¥ 2

When taking into consideration:

(u_) = 0

Yy'y=0
starting condition, on the basis of Equations (uu4), (45) and (u46)

we obtain:

d2€' u!
‘ 3 (¥7)
vooar? 2y

By introducting relative variables and the dimensionless

expression:
R2u
Ag = (48)
2YK_€
and considering identity:
(59)

e + g' =1

from Equations (32) and (47) the following formula is obtained:

2 0.85 (u' - 1)
e Ag ry (50)
drz g [
3.4 £(u - 1)
f R )
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Equations (18), (32) and (50) can be regarded the three basic
equations which enable the fluid mechanical properties (fluid flow
rate between the particles, particle velocity and changes in void

fraction) to be described.

The Effect of Layer Viscosity

In the foregoing, the influence of the viscosity of the layer
was not taken into consideration.If we were to endeavour to formu-
late a correct mathematical model, our eguations would become
complicated to such an extent that their solution would be ab ovo
impossible. Accordingly, a very rough approximation, described in
the following, was adopted. This approximation is, however, a true
model of the systems, as far as the tendencies are concerned. A
fluidized layer, a uniform streaming system, will be considered
This system streams in the tube as a consequence of the force
exerted by the fluid upon the particles. The simplified Navier-
-Stokes equation (10) can be applied for the description of this
process, very much as was done in the description of the streaming
of the fluid, the only difference being that in this case it is
assumed that the pressure of the layer is zero due to the floating
of the particles.The solution of the equation enables the particle
velocity in the middle of the layer to be determined in the case
of a viscous layer and also if the viscosity is zero. The proposed
approximation is that the ratio of the two velocities in the case
of a fluidized layer is equal to the velocity ratio thus obtained.
Accordingly, the equation - based on Equations (16) and (19), and
taking the force acting upon the particles into consideration -
will be the following:

Mo, a2u 1 du
fl e ( r r {51)

(o - p')gelur. - u_ ) - {(p - p')ge =
ry r R dr: r drr

Considering the state when the particles are no longer acce-
lerated. In this case, taking Equation (22) into consideration, it
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is true that:

' - =
ury ury 1 (52)
Introducing a new symbol:

u = u + Au (53)

From Equations (51), (52) and (53) we have:

dur
d(r_—
Y. u ] r dr
Aufp - p')ge = 2 | — T (5k)
R2 r dr
r r
Boundary conditions:
dur
e =0, wuf1) = o0 (55)
r
r_ =0

By neglecting the changes in particle velocity difference along

the radius:
.~ 0 (s6)
By the introduction of the dimensionless quantity:

bra% (57)
{(p - p')egR?

As*

the solution of Equation (54) is:

u

u, = —t (58)
T o1+ ag

In accordance with the foregoing, u is wmitten in place of Upy®
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= uy/ue in‘Equation (18), 1.7/(1 + Ag) is written in place of 1.7
in Equation (32), and Ag/(1l + Ag) is written in place of Ag in
Equation (50).

Changes in the Liquid Flow Rate between the Particles and in the

Particle Velocity along the Radius

In the case of fluidization with a liquid it can be shown by

substitution of numerical values that:

u, & 8T (59)

By taking this into consideration, from Equation (26) we obtain:

= ' -
y (ury 1)uer (60)
Accordingly, the mean relative particle velocity - taking the
effect of viscosity into consideration - is the following:
(u! - 1)
u = xy (61\
r 1 + Ag

Accordingly, from Equation (50) we obtain:

dzer uto -1
= pAg —l— (62)
2

ar?
r

In the case of fluidization with a liquid, the value of Ag is low
and consequently it follows from Equation (62):

da%e
r

= 0 (63)

ar?
r

On account of the cylindrical symmetry:
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de
r

drr =0
r

and consequently it follows from Equations (63) and (64), since
(er)rr = 1 that:

e = 1 (65)

On the basis of Equation (11), if y = Y:

Ap

((p - p')e + pTe'lgyY

From basic Equation (18), considering Equationé (61) and (65) we

obtain:
- 1 d du!'_ - -
A[e(p-p') + €' - p'lg = u' — — rr———z + glp-p'le + €'p'g (67)
r drr drr

By introducing the dimensionless quantity:

. wra,
Ay = = - (68)
RZ[(p ~ p')E + p'e'lg

and rearranging Equation (67) we obtain:

1 da du'

(A = 1) = Ap — — rr-£l (69)
r_dr dr
r r r

Boundary conditions:
du’
(__El) =0; ul (1) =0 (70)
dr_/r_=0 y
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The solution of Equation (69) is the following:

1 - A
ul o= —— (1 - r2) (71)
y L oA, r

With the use of Equation (61), the following formula is obtained
from Equation (71):

1 1 - A
u_ = (1 - r2) -1 (12)
1 + Ag L & A, v

The volume of the particles moving upwards or downwards

during unit time is identical; accordingly:

1
{ 2wrrEurdrr = 0 (73)

From Equations (72) and (73):

1 - A
—_ =2 (T4)
h A,

The liquid flow rate between the particles along the radius

- on the basis of Equations (71) and (74) - is the following:
= - 2
u;y 2 (1 rr) (75)
The change in particle velocity - on the basis of Equations (72)
and (74) - is:
2 (1 - ri) -1
u, = (16)

1+ Ag

The maximum relative particle velocity:

a = — (17)
rM 1+ As
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CALCULATION OF THE VOID FRACTION IN FLUIDIZATION WITH A LIQUID

On the basis of gepmetric considerations the following iden-

tities are valid:

nad
" z ¢ (78)
6 a7
rd?
" : E (79)
L az
It follows from Equations (78) and (78):
8
— /%= . (80)
6Jr

By applying the continuity rule to the streaming of the liquid:

R
f 2nu'E'ar = = R2U! (81)
5 y

Considering Equations (65) and (80):

E'u_ = U (82)
using the identity:

E+E' =1 (83)
we obtain from Equation (82):

ur = ue(l - E) (8L)

The particle volume fraction can be obtained from Equation

(84) with the application of Identity (80):
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372
e = -8 ( - U—) =0.75 (1 - un)3/? (85)
C 6T u r

e

The formula is valid even at the minimum fluidization velocity:
. 3/2 .
= - ' .
€ 0.75 (1 Ur ) (86)

The void fraction can be calculated from Equations (85} and (86),
considering also Equations (49):
1 - ¢!
m

1 - g!' =& —_— (1 - Ul)3/2 (87)
. y3/2 r
(1v_ Urm)

The results of validity tests carried out in connection with
Equations (85) and (87), derived for the calculation of the expan-
sion of fluidized layers, will be reported on in the next paper of

this series

USED SYMBOLS

a constants

A composite, dimensionless characteristics

d diameter of the particles (m)

E cross section fraction of the particles (m2/m2)
E' free cross section fraction (m2/m2)

F cross section of the layer (m?)

g graviational acceleration (m/sec?)

K, vibration coefficient {m?/sec)

P pressure (kg/m sec?)

P force acting upon a unit volume (kg/m2?/sec?)

P force acting upon a unit volume in the direction y (kg/m2sec?)
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Pv force acting upén a unit volume in the direction 9'(kg/mzsec2)

Po force acting upon a unit volume in the direétion R (kg/m?sec?)

r radius co-ordinate (m) |

R radius of the layer (m)

u, fall velocity of~the:particles (m/sec)

Gy mean velocity of the particles along the height, if the
viscosity of the layer is zero (m/sec)

u mean particle velocity (m/sec)

uy, particle velocity along the height (m/sec)

u, vibration rate (m/sec)

ug particle velocity along the radius (m/sec)

u' flow rate of the medium (m/sec)

ﬁ; mean flow rate of the fluid along‘the height (m/sec)

U§ flow rate of the fluid along the radius (m/sec)

u; flow rate of the fluid along an angle (m/sec)

u! flow rate of the fluid along the height (m/sec)
U feed rate of the fluid (mé/mzsec)

Ul minimum feed rate of fluid (m3/m2sec)

v volume of the particles (m3)

¥y height co-ordinate (m)

Y layer height (m)

Y minimuﬁ layer height (m)

Y vibrational lenght (m)

dp pressure difference (kg/msec?)

€ particle volume fraction (m3/m3)
€ mean particle volume fraction (m3/m3)
€ minimum particle volume fraction (m3/m3)
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€. relative particle volume fraction (dimensionless)
c! void fraction (m3/m3)

€' mean void fraction (m3/m3)

€L minimum void fraction (m3/m3)

s; relative void fraction (dimensionless)

u' viscosity of the fluid (kg/sec m)

LISy viscosity of the fluidized layer (kg/sec m)

o density of the solid phase (kg/m3)

p! density of the fluid (kg/m3)

T time (sec)

[ angular co-ordinate (degree)

Markings

A straight line drawn over the symbol: ": mean value.

A letter "r" on the lower right-hand side of the symbol: relative
quantity.

No marking on the upper right-hand side of the symbol: solid phase.

A comma on the upper right~hand side of the symbol: ': fluid:

liquid or gas.

Relative variables

¢ ]
[+
"
«
e

=

u ry
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(=4

ur =
u rm

T R ry

r = rM

o]
]
g1
]

o“lxﬁ mc:p’:: mzla
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PE3{IME

HNexons M3 PUIMHECKON MOLENH, aBTOpH M3farawT BHBOA OC-
HEBHHX YPBBHEHWIA AQNA ABUHWEHWA 3B8PEH W H3MEPEHWA MNOTHOCTH
38pEH BAONL paguyca, NPHrogHEX ANA ONWCAHWA FUAPOJAWHaMH4YE-
CHHX YCNOBWH NCEBAOOMHMEHHBX. CHCTEM.

BueepgexnHue YpPpaBHEHHUR NpUMEHEHE aBTOPamMu ANA cCHCTEM
NCeBAOOCKHHKEHHBX C NOMOWLID MHAKOCTH, NpeaACTaBABHH HMH COOT-
HOWEHHA ANA BHYHCNBHWA CHOPOCTH MHOHOCTHU MEHAY 38pHaMu, CHO~
pPOCTH 3epeH BAOAL pajuyca, a Tauwe W N0nH ceofogHoro o6bema.

1.
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The knowvledge of the properties of gramulates is
of considerable importance,both as regards application
and scientific research work. Methods for the determi-
nation of the most important physical characteristics
of granulates (such as grain-size distribution,density
characteristics, pore space fraction, rolling tendency
characteristics, and mechanical strength) published in
literature, are described. The results of the research
work aimed at checking the applicability of the
testing methods and the development of new techniques
are reported. The concepts of "loosened bulk density"
and "rolling tendency coefficient" are introduced and
measuring techniques enabling the determination of
these gquantities are described. A simple measuring
technique 1is proposed for the determination of the
pore space fraction. The technique is based on the
identical space filling characteristics of particles
of an identical shape. A new measuring method for the
determination of the abrasion strength (abrasion re-
sistance) of the granulates is described, which is
based on the measurement of the mechanical stress
acting in the fluidized layer.

In chemical and related industriec (e.g. the food industry)
the granulates prepared are used partly :5 starting materials of
further products and partly as final products. Various fields of
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application raise various requirements concerning the quality of
the granulates. However, the basic principles of qualitative
characterization are nearly identical and mainly refer to the phy-

sical properties of the granulates.

The main physical characteristics of granulates are the

.

following:

a) grain size distribution and form of the grains,
b) density characteristics,

¢) porosity,

d) rolling tendency characteristics,

e) mechanical strength.

Naturally, in addition to the above-mentioned physical para-
meters, there are other characteristics whicldmay be of importance
in some fields of application, e.g. tendency to crumbling, and
pressing ability, etc. However, the knowledge of these - although
in some caees of considerable importance - 1is in general not as
essential as the physical parameters listed earlier. Several other
authors are of the same opinion [1, 2, 3, 4, 5,etc.].The granulate:
are in some cases, mainly inm the pharmaceutical industry, very
often qualified in addition to their physical properties on the
basis of indirect parameters, such as the physical characteristics
of the tablets made of them (e.g. variations in the weight of the
tablets, time of falling apart, and abrasion resistance) [6, 71.

In the following, testing methods found in literature for
the determination of the most important physical characteristics
of granulates will be described, together with a report on the
elaboration of new techniques and the improvement of known ones.

GRAIN-SIZE DISTRIBUTION AND FORM OF THE GRAINS

In the study of the granulation process, generally the dis-
tribution of heaps of grains of different properties according t¢
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size is to be determined. The grain-size distribution of the
starting material to be granulated can rarely be determined by
sieve analysis; sliming [8, 9, 10l, sedimentation [8, 9, 10] or
microscopic examination [3, 9, 11} can be applied instead. The
latter method also enables the form of the grains to be observed.

The mqst widely used method for the determination of the
grain-size distribution of granulates is sieve analysis. This test
is most frequently carried out by a standard set of sieves [18, 9,
101. The granulates - especially those obtained by building=-up
type granulation - are of nearly spherical form, or at least the
largest and smallest dimensions of the granulate are not signifi-
cantly different from each other and consequently the accuracy of
the method is satisfactory.

In the case of

0.6 ﬂ granulates prepared by
the fluidization gran-

€ ] l
"ulation technique it
0.4

was found that the po-~

coode

rosity of the granu-~

a lates increases, 1i.e.
0.2 the grain density de-~
4 creases with increasing
dimensions. .
T T F i .
0.2 0.6 1.0 2,0 Fig. 1 shows the

d,mm change in pore space

Fig. 1 fraction plotted a~

gainst increasing vo-

lume in the case of 5 different granulates, prepared from a sand

fraction of 0.1 to 0.2 millimetre grain size in a laboratory-scale

fluidization granulation apparatus. It can be concluded from the

Figure that the grain density of granulate particles exceeding the

0.6 millimetre size is decreased to about one half as compared to
that of the ungranulated 0.1 to 0.2 millimetre fraction.

In the opinion of the author, in those cases where - the
porosity of the granulates and, together with it -, the grain den-
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sity is dependent on grain size, the ratio of the grain spaces is
far more characteristic of the granulates than the weight ratio
of the-individual fractions. The former can be calculated from the
weight ratio, if the porosity is known. In this case it is not the
weight ratio of the grains, but their volume ratio that is to be
considered in the calculation of the average grain size and other

average values (e.g. average grain density, etc.) of the granulate.

DENSITY CHARACTERISTICS

In the case of a heap composed of porous grains, real densi-

ty, grain density and bulk density can be considered.

The Real Density is often difficult to determine, because

the simple pyknometer density determination technique [8, 8, 10,
11] does not yield reliable results unless the sample is compact,
readily wettable and of small grain size. The Biltz vacuum pykno-
meter [9] can be used to determine the density of fine powders, if
it is possible to find an adequate indifferent measuring liquid.
The liquid-medium pyknometer technique can be used for the deter-
mination of the real density of masses composed of porous grains

only with reservation.

The liquid used for the measurement penetrates the grains to
an extent depending on the structure of the grains and the charac-
teristics of the liquid; consequently an intermediate value is ob-
tained which is between the real density and the grain density. In
such cases, the Hofsass air-pyknometer can be used; the accuracy
of the latter can be increased by using helium instead of air £sl.

Grain Density: the mass of grains of unit volume, can be ex-
pressed in the following way:

Pg = p(1 - cp) (1)

where
Pg is the grain density (gram/cu.centimetre),
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p is the real density (gram/cu.centimetre),

s is the pore space fraction.

The techniques applicable for the determination of the pore

space fraction are described in the next chapter.

Bulk Density: the mass of a heap of unit volume of grains.
The value of this quantity depends on a number of parameters, such
as average grain density, grain-size distribution, and grain form,
etc. However, the most influental parameter is =~ for a given heap
of grains - the closeness of packing. Accordingly, three bulk
density values can be defined: close-packed bulk density,filled-in

bulk density and loosened bulk density.

Close-Packed Bulk Density: the mass of a unit-volume heap of
grains pressed together intensively. This value is to some degree
dependent on the method of compression [12, 13]. In general, it
can be stated that the highest degree of compression and, together
with it, the highest close-~-packed bulk density is attained by vib~
ration brought about in some way, e.g. pneumatically. However,
even this value differs only slightly from grain heap densities
obtained by some other compression technique, e.g. mechanic or
manual compression. Different authors have proposed various tech-
niques for the determination of the close-packed bulk density. For
example, NEWITT and CONWAY~JONES [2] used high-frequency vibration,
MARKS and SCIARRA [7] repeated manual knocking in a graduated cy-
linder; according to KONCZ [8], the best method is the application
of a Becker-Rosenmiiller shaker, etc. Consequently, it is very dif~
ficult to compare the measured results. Nevertheless it is a gene~
ral opinion that ~ provided proper care is exercised - any of
the methods is adequate for the determination of the close-packed

bulk density.

Filled-in Bulk Density. The mass of a grain heap, when filled
into a vessel of unit volume. In addition to grain size distribu-

tion, grain density and grain form, the filled-in bulk density
also depends on the size and shape of the volumetric vessel and on
the method used to fill in the grains. The values obtained with
different techniques differ and this necessitated standardization
of the filled-in grain density determination methods [3]. The ap~
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- paratus consisting of two parts, shown in Fig. 2, serves this

purpose [15]3. The essence of the meas- )
urement is that a 120 millilitre portion #92.7mm

- of the ' granulate heap to be tested is T
poured into the funnel and permitted to
freely flow into the graduated cylinder
of 100 millilitres capacity. The excess

20°

is removed from top of the cylinder and

114.3mm

the mass of the latter is weighed. Other
authors [9]1 have proposed the applica-
tion of a filling apparatus according to

#9.5mm

3gmm

Gary and Bdhme.

Loosed ‘Bulk Density: the mass of a '

unit-volume heap of loosened grains. The
loosened heap is produced in the follow-

79.8mm

ing manner: aAgranulate heap of known

mass is placed into a simple laboratory- $39.9mm

-scale fluidization apparatus (4-5 cen-

~timetres in diameter) and fluidized Fig. 2
with air until an expansion of one and a half times or twice the
volume of the original, and then the amount of air is decreased
until a stationary layer is obtained. The height of the layer is
measured and it enables the loosened bulk density to be calculated

in a simple manner:

L G
(2)

P =
D2xY
m
where .
01 is the loosened bulk density (gram/cu.centimetre),

G is the mass of the heap of granulate (gram),
D is the diameter of the apparatus (centimetre),

X is the minimum fluidization layer height {centimetre)-

The schematic drawing of the apparatus is shown in Fig. 3.
While carrying out the measurement, care should be exercised to
ensure that, on the one hand, Y/Y  should not be higher than 1.5
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to 2, in order to avoid the production
of flow dust, and, on the other,Ym/D
should be 0.5 to 1.5. The loosened
bulk density values determined by the

proposed technique are well defined
and reproducible, and the apparatus
and the procedure are simple. To know
the value of the loosened bulk density
is important both from the points of

view of plant operation and design.

POROSITY
The pore space fraction - which
is the ratioc volume of the pores pre-

sent in the grains by total volume of
grains - can be determined by a number
of techniques. One of these 1is based
on the principle that a non-wetting
liquid (mercury) is forced at differ-

ent pressures into the pores of the

Fig. 3 grains, the amount of the liquid is
1. Fluidization apparatus measured and thereby it is possible to
2. Fr}tted‘glass retain- draw conclusions not only on the pore
ing disk .
3. Sieve, 15-20 um space fraction, but also on the size
L, Dismountable flange :
. This meas -
5. Millimetre scale of the pores [10, 11] measure
6. Loosened grain heap ment, with the use of mercury, can be

carried out in an even more simple manner, if it is not necessary

to know the distribution of the pore space fraction and the latter
can be determined by a suitable pyknometer technique [3, 8, 12].

In the study of the granulation operation it is necessary to
determine the pore space fraction on a large number of granulate

heaps, moreover, the determinations should be carried out quickly.

For this purpose, a simple but adequate ..re space fraction deter-

mination method was developed in the aut.or’s laboratory. The new
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method is based on the fact that the void fraction of a relatively
narrow grain fraction of practically spherical, compact grains
scatters between narrow 1limits [16]. Any significant deviation
from this value is in the case of grains larger than 0.2 millimetre
- and, accordingly, generally also in that of the granulates -~
the consequence of the porosity of the grains and hence it can be

used for pore space determination.

The definition of the void fraction is the following:

where
€' 1is the void fraction,
is the volume of the layer (cu.centimetre),
v is the volume of the solid material present in the
layer (cu.centimetre),
G is the mass of the solid material (gram),
is the real density of the solid material
(gram/cu.centimetre),
is the height of the layer (centimetre),

F is the cross section of the apparatus (sq.centimetre).

On the basis of geometric considerations it is evident that
the void fraction, in the case of porous grains, can be written in

the following manner:

1 1] L]
€ = e + (1 - ¢ .e (%)
2 1 ( 1) P
where
eé is the void fraction in the case of porous grains,
e€; 1is the void fraction without pores (taking only the
free space between the grains in consideration),
€, is the pore space fraction of the grains.
Equation (4) can be written for the point of minimum fluidi-
zation:
' = 1 - ]
€1 e v (1 €rq) s (5)
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and hence the pore space fraction of the grains (sp) can be ex-

pressed:
' - [
_ Emo €m1
pT T, o (6)
. T fm1
where

€1 is the minimum void fraction of a compact granular
material of a form similar to that of the porous
grains,

eég is the minimum void fraction of the porous granular

material.

The minimum void fraction of the porous granular material

(s&e) is, on the basis of Equation (3), the following:

ev =m__F_.£ (7)

where

Y is the minimum fluidization layer height of the

grain fraction (centimetre),
G is the mass of the weighed-in grain fraction (gram),

[ is the mean real density of the materials building

up the grains (gram/cu.centimetre),

F is the cross section of the apparatus

(sq.centimetre).

The minimum fluidization layer height of the individual gra-
nulate fractions can be determined, as described in the previous
section, by means of the simple laboratory fluidization apparatus
shown in Fig. 3. The narrower the fraction tested (i.e. the higher
the number of fractions into which the r:ap of granulate was di-
vided), the higher the accuracy of the pore space fraction deter-

mination.
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During the research work carried out in connection with the
layer expansion of fluidized systems, among others the minimum
void fraction of relatively narrow grain fractions of quite a num-
ber of compact granular materials were determined.Microphotographs
of the grains were prepared and compared with those of porous
grains and granulates made of various starting materials by éiffe-
rent procedures. The minimum void fraction of grain fractions
consisting of compact grains of approximately identical form shows
a good agreement, and consequently - in the case of grain frac-
tions of a size exceeding 0.2 millimetre - the following wvalues

can be substituted into Equation (6):

a) regular, approximately sphere-shaped, porous grains:

€1 = 0.45;

b) less regular, sphere-shaped porous grains, granulates
prepared by a rotary (e.g. rotating disk) appara-

tus: € = 0.50;

ml
c) even less regular, porous grains, granulates prepared

by fluidization: ¢ = 0.55;

ml

d) broken, porous grains prepared by crushing or rough
disintegration, granulates prepared in a fluidized
layer from needle-crystal shaped starting material:

€1 = 0.60.

The determination method can naturally be refined in such a
manner that a series of photographs is made of compact grains of
various forms, the photograph of the porous grains to be tested is
compared with these, and the actual minimum void fraction value is
determined by this comparison.However, it is very rarely necessary
to carry out this procedure in studies connected with fluidization
granulation since the shape of the granulates obtained - except
for some needle-crystal shaped starting materials - is approxi-
mately identical, and the value of € = 0.55 can be substituted
into Equation {6).

Two comparative tests wepe carried out as regards the appli-
cability of the measuring teehmique described earlier. The essence
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of the first was that the pore space fraction of a number of gra-
nulate fractions was determined with the proposed technique, and
afterwards three lots of one thousand grains were counted, their
mass weighed and the pore space fraction (e*) calculated by Equa-
tion (1). The deviation

:p-ea
between the values de-
termined by the two
+0.08+ methods plotted against
— P the pore space fraction
+0.044 y()"'/‘./: as determined on the
- p”__,——” o o0 basis of the minimum
0.00_4< o _ o, void fraction, is shown
| '\\:; b4 I €, in Fig. 4. It can be
N concluded on the basis
~0.044 ..%\\ of the Figure that ex-
B cept for a few cases,
-0.08+ the relative deviation
is smaller than + 10
ep_c; 0.20 0.40 0.60 per cent and the agree-

ment is better at
Fig. b medium values, i.e. in
the case of granulates of medium size. In the second test, the mi-
nimum void fraction of burnt clay grain fractions of known poros-
ity was determined and afterwards the pore space fractions were
calculated by Equation (6) in such a way that - based on micros-
copic comparison - a value of e , = 0.50 was substituted. A com-
parison of the pore space fractions showed that the relative de-

viation in this case is also generally below * 10 per cent.

It is the advantage of the proposed measuring technique that

it is simple, rapid, and no expensive equipment is reeaded.

On the other hand, it is burdened by the drawback that when

applying it, the granulate heap to be tested has tc be separated
to at least 5 to 6 grain fractions. However, this is carried out

anyway during the sieve analysis and so the twc tests can be con-

nected. The average pore space fraction, characteristic cof the
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whole heap, can be calculated, knowing the grain size distribution,

by weighted averaging.

ROLLING TENDENCY CHARACTERISTICS

Rolling tendency is an important physical property of granu-
lar heaps of materials and it is characterized by the internal
friction of the heap. The rolling tendency characteristics are ge-
nerally described by the slump angle of a heap produced in some
manner, or by the rate of flow from a funnel of defined dimensi-

ons.

In connection with material heaps, a number of angles can be
defined,such as slump angle, falling angle, sliding angle, spatula
angle, internal friction angle, and inclination angle [17]. Most
frequently it is the slump angle from among these, referred to a
heap of grains produced by a standardized procedure, which is de-
termined. The essence of one such procedure is that the standardi-
zed funnel [15] shown in Fig. 2 is fixed in such a position that
its lower end is U4 centimetres above the base and the material to
be tested is poured into the funnel until the apex of the material
heap produced just reaches the lower end of the funnel. The height
of the heap and the diameter of the base circle are measured and
the slump angle calculated from these data [3]. Slump angle deter-
mination can also be carried out by the Langhaus-—apparatus [91].

When a heap of grains flows from a funnel of standardized
dimensions, the result can be expressed by the discharge time of
the material of the unit mass or unit volume, and by the mass or
volume of material discharged during the unit time, etc. For
example, GOLD and his co-workers [18] evaluated the results on the
basis of the discharge time of a given mass, KANENIWA and IKEKAWA
[19] on the basis of the mass discharged during unit time, and
LISKE and MUBUS [20] on the basis of the volume discharged during
unit time.



1973 Studies on Granulation in Fluidized Bed I. 219

A number of authors dealt with the circumstances of the dis-
charge of granular matter from a funnel, including KANENIWA and
IKEKAWA. These authors concluded [19] that, in addition to the
properties of the grain heap, the rate of discharge depends, to a
large extent, on the diameter of the discharge opening, its length
and the cone angle of the funnel, but it is independent of the
height of the heap above the opening. The latter statement, with a
few exceptions, was also confirmed by other authors [21, 22]. It
follows from the aforesaid that it is primarily necessary to stan-
dardize +the funnel in order to obtain comparable results. For
example, the standard funnel shown in Fig. 2 [15] enables the rol-
ling tendency characteristics to be determined. A hundredfold (in
grammes) of the density (gram/cubic centimetre) of the solid is g
poured into the funnel and the time necessary for discharge is
measured [31. Experience shows that the researchers use funnels of

different dimensions for this measurement {4, 5, 7, 19, 20].

In the author’s opinion, the discharge data are more charac-
teristic of the rolling tendency than the slump angle. This is f
supported by the fact that the discharge rate shows - in the case :
of different grain heaps - considerably greater variations, and
consequently the method is more sensitive. For example, according
to data published by LISKE and MUBUS [20], the discharge rate from
a given funnel corresponding to a slump angle of 46° was 288 mil-
lilitres/minute, whereas that corresponding to yu,2° was 370 mil-
lilitres/minute. On the other hand, the discharge rate, in the

case of certain types of granulate heaps, may fluctuate in  time

even if the average value is the same [18]. The determination of

this fluctuation provides a possibility for further refinements.

Different methods based on the measurement of the discharge

rate from a funnel are used in general practice for the determina-

tion of the rolling tendency characteristics and consequently it
seems desirable to introduce a few improvements in the measuring
techniques in order to obtain results that are readily comparable.
The grain volume discharged in unit time seems to be more adequate

for the comparison of the rolling tendency characteristics of gra-



220 Z. Ormds Vol. 1.

nulate heaps than the mass of grains discharged in unit time. This
is especially true if heaps of different grain density are to be
compared. Of c¢course, the average grain density or porosity should
be known in this case; a simple and rapid technique for its deter-
mination was described in the previous chapter. .

The other problem arises as a consequence of the difference
of the testing methods. It is the author’s opinion that this dif-
ficulty could be overcome if the results obtained with different
methods were compared with the discharge rate of a generally ac-
cepted standard material. The rolling tendency coefficient defined

in this manner is

v
= B
) p (8)
s
where
[ is the rolling tendency coefficient,
v is the discharge rate of the standard material

{cu.centimetre/second),

v is the discharge rate of the granulate under test

(cu.centimetre/second).

Narrov fractions of different sizes of a number of different
materials were examined and from among the materials available,
that consisting of regular glass spheres of approximately 0.15 mm
(100 mesh) dimension was found to possess the most advantageous
rolling tendency characteristics. This material is a commercial
product (GLASS BEADS FOR GAS CHROMATOGRAPHY, approximately 100
MESH, BRITISH DRUG HOUSES LTD., B.D.H. LABORATORY CHEMICALS DIVI-
SION, POOLE, ENGLAND) and consequently it seems to be adequate to
be used as a standard in the determination of rolling tendency
characteristics.

If in the measurement of discharge rate, amounts correspon-
ding to the same grain space are weighed in from the standard ma-
terial and from the granulates, and the discharge times of the to-
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tal quantities are measured, Equation (8) takes the following form:

8
9 - (9)
g
where
9 is the rolling tendency coefficient,
Te is the discharge time of the standard material
(sec),
T is the discharge time of the granulate heap under

test (sec).

The time of discharge of a grain space of 100 cubic centi-
metres (Gs = 296 grammes) of the standard material proposed in the
foregoing from the standard funnel shown in Fig. 2 [15] is T S 8
seconds,- i.e, vy = 12.5 cubic centimetres/second. The rolling ten-

dency coefficient of a few grain heaps are given in the following:

glass beads d = 0.25 millimetre ¢ = 0.93
d = 0.42 millimetre 9 = 0.82
sand d = 0.10-0.20 millimetre ¢ = 0.62
d = 0.20-0.32 millimetre ¢ = 0.68
d = 0.32-0.40 millimetre ¢ = 0.66
d = 0.40-0.50 millimetre ¢ = 0.63
d = 0.50-0.63 millimetre 9 = 0.62
d = 0.63-0.80 mitlimetre 9 = 0.60
d = 0.80-1.00 millimetre 9 = 0.54

According to the author’s experience, the rolling tendency
coefficient of granulates prepared by the fluidization process is
in the 0.3 to 0.6 range. Probably there exists some material whose
discharge rate is greater than that of the standard material pro-
posed, but the rolling tendency coeffic’ ent of the overwhelming ma-

jority of the materials is between 0 and 1.
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MECHANICAL STRENGTH

Mechanical strength means the totality of those prdperties
which express the resistance of the granulatés'against mechanical
stresses [1]. The mechanical stress may.be pressure, impingement,
and abrasion, - etc. Often these actions simultaneously manifest
themselves during the operations carried out with the granulates,
such as shipment,- storage, feeding, and packing. Thé methods used
for the measurement of the mechanical strength . of granulates can
be classified into two groups. The methods belonging to one group
enable the . compressive strength to be determined, and the other

the abrasive strength.

The underlying principle of the methods used for the deter-

mination of the compressive strength of granulates is the follow-

ing. A compressive stress is put on ah individual grahulate grain
and the force is increased until the grain is crushed.The compres-
sion strength is most frequently expressed as the ratio maximum
compressive force before crushing per cross sectional area of the
grain [1, 2, 4, 23]. The drawback of this method is that it does

not adequately model the mechanical stresses acting upon the gra-

nulates in their use.

Abrasion resistance of the granulates means their resistance

against abrasion effects encountered during their application [5,
7, 24]1. Abrasion resistance is most frequently determined by a
sieve analysis carried out after the abrasive action and the
result is presented as the ratio fraction remaining on a sieve of
a given mesh size to the total quantity of sample weighed in. The
methods used to produce abrasive mechanical stress are multifari-
ous. MARKS and SCIARRA [7] applied the Roche pulverization tenden-
cy testing apparatus [25]. FUNNER and his co-workers [26]1 shook
the granulates in a closed container for a given period of time

and afterwards sieved them. DAVIES and his co-workers [5] modified
the standard testing procedure developed for the testing of coal
[27] and abraded the granulates in a rotary shaking-mixing appara-

tus. A standard {24] recommends that as long as there is no ade-
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quate standard for an abrasion testing apparatus, it is preferable
that the interested parties should come to an agreement as to the

conditions of the test.

In connection with studies on fluidization granulation, the
question arose as to the method to be applied for the determina-
tion of the abrasion resistance of granulates. Either the applica-
tion of some sort of shaking apparatus could be taken into consi-
deration, or abrasion in a fluidized layer could be used. In order
to settle this question, a series of experiments were carried out
with a granulate heap prepared in a fluidized layer of a sand
fraction of 0.1-0.2 millimetre size with gelatine as the binding
agent. The experiments were carried out in such a manner that a
given quantity of the granulate heap to be tested was exposed to
different abrasive stresses for a given period of time. Thereupon
the grainbsize distribution was determined by sieve analysis. The
abrasive mechanical stress was brought about in the . following

manners:

a) A 100 gram portion of the granulate was placed into the re-
ceiver of a set of sieves, covered with the 1id, and was
shaken with a horizontal motion at a frequency of 200/minute
on top of a "Labor MIM" shaking apparatus for 10 minutes

(R 1),

b) The experiment was repeated with the above~described parame-
ters in such a manner that 25 steel balls of 8 millimetre
diameter were placed into the vessel together with the gra-

nulate sample (R 2),

¢) A 100 gram portion of the granulate was weighed into a
300-millilitre Erlenmeyer flask, the latter was fixed into
one of the clamps on the side of a "Labor MIM" shaking appa-
ratus and shaken at a 200/minute frequency for 10 minutes
(R 3),

d) A 100 gram portion of the granulate was kept in a fluidized
state in a laboratory fluidizatio.. apparatus of 5 centimetre
diameter (cf. Fig. 3) at a threeic.d layer expansion (Y/Ym =

= 3) with an air stream for 10 minutes {(F 1).
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The results of the experiments are summarized in Table 1.
X is the ratio average grain diameter of the grain heap after
abrasion by average grain diameter of the grain heap to be tested

(percentage).

Table 1

Granulate Granulate after abrasion
to be
tested R 1 R-2 R 3 F 1

Average grain
diameter 0.55 0.52 0.27 0.38 0.41
(millimetre)

X, per cent 100 94 Lo 69 Th

It is apparent from the Table that the horizontal shaking of
the granulate is not sufficiently effective (R 1). If there are
also steel balls in the vessel when carrying out horizontal sha-
king, the abrasive stress is too strong (R 2). Shaking in the Er-
lenmeyer flask (R 3) and abrasion by fluidization (F 1) represént
stresses that are nearly equal to each other. It is an advantage-
ous property of the latter technique that it is simpler and it is
not dependent on a commercial product such as the shaking appara-

tus.

Abrasion tests were also carried out with the fractions of the
granulate heap. The fractions were kept in a fluidized state by an
air stream at a threefold layer expansion for 10 minutes, sieved
on a sieve corresponding to the lower dimension limit, and the re-
sidual material was measured. The value of the abrasive strength

was defined in the following manner:

100 (12)
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where

K
s

G

G
m

i

i

i
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s the abrasion strength {abrasion resistance)

(per cent),
s the mass of the weighed-in granulate fraction
(gram),

s the mass of grains remaining on the sieve
corresponding to the lower dimension limit of

the granulate fraction (gram).

The following values were obtained for the abrasion strength

cf the granulate fractions:

d
d
d
d

It
Strength

=0
=0
= 0
1

can
of

.25 - 0.40 millimetre Ko = 75 per cent
.40 - 0.63 millimetre K
.63 - 1.00 millimetre K_ = 62 per cent
.00 - 2.00 millimetres K_

= 64 per cent

H

61 per cent

be concluded from these data that the abrasion

granulates larger than medium is approximately the

same, and slightly decreases with increasing size; furthermore,

the change in the amount of residual material on the sieve is

greater even in the case of medium size than the decrease in aver-

age diameter

he strength

arnd this same

was concluded

when the whole granulate is subjected to abrasion.
of a large number of granulate-fracticns was tested
tendency was observed in every case. Accordingly, it
that for the evaluatidn it is sufficient to determi-

re the abrasion strength

» . of the granulate fraction
<70 ° of mezium  size, i.e.
Z.4-7.£3% millimetre.
.
60 . The abrasicn
[ ]
50
°
i
40 T T T 1 7
5 10 15 20 25 30

vV, vol. %

73

o
]

n
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stances and with the use of different relative amounts of liquid
containing the same amount of binding agent. It is apparent from
the Figure that the measuring method can be applied for studying
the dependence of the abrasion strength on various parameters. The
laboratory-type fluidization apparatus (cf. Fig. 3) needed and the
procedure of measurement are simple and the results obtained are
comparable, because the degree of mechanical stress is independent
of the make of the apparatus, as is the case with various types of

shaking apparatuses.
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PE 3RIME

3HaHWEe GH3IUYECHHUX CBOMCTB TPAHYNHPOBAHHHX 38pPBH BAKHO C
TOYHW 3PEHHA HAK HCNONL30BAHWA, TaK W HAy4YHOH WccrnepoBaTens-
CcHOM paboTu. ABTOPOM H3NOWEHH MEBTO4H H3IMEPEHHWR BCTPBYalWHecH
B NuTEpatype, MpHrOAHHE H ONPEAENBHHID BAKHBAWHX (GH3IUFBCHHUX
noxasaTtenes rpaHynMpoBaHHEX 3speH ( pacnpedensHue pasmepps
3epeH, NOHasaTend MAGTHOCTH, AONR o6beMa NoOp, CBOWCTBA WMCTe-
YEeHHA, MPOYHOCTL), @ TaHKe JaH OT4eT 0 pe3yiAbTartax HCccnelo-
BaTeNuLCHOW paboTu, BHMONHEBHHOHW B CBR3H C WCNHTAHWEM NMPHUMEBHW-
MOCTH MEB8TOLR0B W3MEPEHHA, H pas3paboTHOW HOBLX METOL0B U3MBpe-
HHA . ABTDpOM BBEABHE NOHATHA "NNOTHOCTb Pa3puXNGHHHX MHO-
WECTB 3epeH” W "HO3DPUUHMBHT HCTEHEHHA”, W YHA3aHH METOgH K3~
MEPBHUA MNPHMBHWMHE ANA WX ONpejensHWA. Jad oT4eT o pa3paboT-
HE NpocTOro MeToAa WaMEPEHHA ACIH ofbgMa Nop, OCHOBAHHOIO Ha
COHHAHOBLE CBONCTBA 3aN0NHEHWA MNPOCTPAaHCTBA 3epEH MN0ROOHOH
¢opmMu. [nR OrpegeneHyiA NPOYHOCTH NMPOTHB W3HOCA ( n3HOCOCTOW~
KOCTH) FPaHyNMpOBaHHEX 38pEH OMMCaH 4BTOPOM HOBHK METOA W3-
MEPEHMA, OCHOBAHHENR Ha W3MEPEHME OaiCTEMA MEXaHWYECHOW Har-
pPy3H# B NCEBA00OMWUMEHHOM Choe.

1.
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The specific energy consumption, and - by way
of this ~ the expenditure of the transportation of
solid, granular material with a gas stream is highly
dependent on the dimensions of the transport conduit
and on the working parameters. If the output of the
transport system is given, the diameter of the conduit
and the amount of transporting gas has to be chosen 8o
as to obtain minimum transportation costs.This problem
was solved by the introduction of intermediate variab-
les. A method of calculation is proposed for the de-
termination of the optimum values of the process para-
meters, such as gas flow rate and volume ratio of
solid. The application of the method is illustrated
with the example of vertical transportation of sodium
bicarbonate.

The way in which problems of transportation - encountered
during industrial production - are solved, often contribute in
quite a decisive manner to the costs of production. Accordingly,
determination of the optimum parameters of the transportation
processes applied is closely related to the economic efficiency
test of production processes.

Transportation of solid, granular material through pipelines
by a gas stream has become more and mor popular in almost every
branch of industry. The widespread application of this process is
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explained by its numerous advantages.The dosts of the installation
of the device are low,it can be easily automatized, whereby manual
labour can be dispensed with and labour expenses are accordingly
reduced. A minimum amount of maintenance is necessary, since there
are no moving mechanical parts subject to abrasion and the func-
tioning of the apparatus is highly reliable. The space requifement
of the transport conduits is moderate, the pattern of the arrange-
ment of the pipeline is practically unlimited and consequently it
can easily be installed even in plants that are already in opera-
tion. The conduit 1lines are hygienic and thus they can also be
used in food manufacture. In the chemical industry, the main ad-
vantage of the method is that it can be combined with other
processes, such as heat exchange, drying, and regeneration of a
catalyst, etc. A production process can be made more economical by

a combination of such operations.

There is in effect only one drawback to transportation with
a gas stream and this is its high energy requirement. The latter
may be, at an identical output, as high as five times, or even
twenty times as high as that of mechanical devices. The scattering
of the energy consumption within extremely wide limits provides a
clear indication of the major importance of the actual values of

the main dimensions and operating parameters.

THE OBJECTIVE FUNCTION AND CHARACTERISTICS TO BE OPTIMALIZED

The economical aim of optimalization is maximum profit or
minimum expenses. However, due to the complicated nature of econc-
mic and commercial parameters - which may influence profit in &
direct way, i.e. independently of the procedure - it seems more
simple to search for a minimum expenditure. The latter is influ-
enced by a number of parameters. However, changes in the para-
meters of a given process influence only the amortization and
energy expenses, and accordingly only these two will be consid-

ered as a functional aim [1, 2]:
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N = N + N (1)

When designing a transport device, the sort of material to
be transported, the output, and the starting- and end-points of
transportation are usually defined by the problem itself. On the
other hand, in the case of transportation with a gas stream it is
- within certain limits - up to the designer to decide the quan-
tity of the carrier gas and the diameter of the conduit. During
optimalization, the particular values of these two independent
variables are sought, at which the sum of the amortization and
energy expenses - as related to the unit amount of transported

material and the unit path lenght of transportation - are minimal.

In the calculation of the amortization cost, the weight of

the transport conduit is taken as the basis:

Ya"

N = Ca — (Di - D2) (2)
L v G
a's

or, expressed with the wall thickness of the conduit:

Y ® y wé

N =¢c 2 —5§2+c 22 (3)
a a 1 G a a 1 G
a s a s

The cost of energy can be calculated from the pressure drop in the

transporting gas:

Ap G
N, =C, — —£& (4)
L YgGs

Accordingly, the compléete objective function is:

[ A G
Ya' 2 Ya” a _i -8 (5)
N=2¢C e 8 + Ca G D + Ce T 6
a Ta s a a’s 2 g's
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OPTIMUM VALUES OF THE OPERATIONAL PARAMETERS

The flow characteristics.(such as pressure drop, and rate
values, etc.) are generally described by the gas flow rate and the
volume ratio of the solid. These operational parameters do not
appear in the expense function, but they influence the values of
the expense terms and at the same time they also depend on the
value of the independent variable in the objective function.
Accordingly, these parameters will MBe regarded as intermediate
variables.

The relation between the independent and the intermediate

variables is the following:

G8 = T tsysus (6)
_ D2y
Gs = N ygu (1)

Considering Equations (6) and (7), Equation (5) can be brought to
the following form:

Ay Apu
F = A; + + Ay — (8)
Ve _u 88
S s
where
Yy
2
AL = Cy T G 6o (9)
a s
v, 8 i
a’s x 10)
A =2 C, — TG (
s s
[+
Az = £ S (1)
vy L

The particle flow rate (us) and the pressure drop (Ap) are func-
tions of the gas flow rate and the concentration of the solid:



1973 Determination of Optimum Parameters, .. 233
u, = F (u, es) (12)

Ap/L = Fp (u, es) (13)

In order to find the optimum of the operational parameters, the
extreme .value of the objective function (8) according to interme-

diate variables € and u is found to be:

aus dAp aus
3N A, €8 de * g €5lg de - opleg de +ug)
== - 75 + Agu 5 =0 (1h4)
Bes 2 (esus) (:sus)

After rearrangement and reduction:

3Ap
€
A, s 8 aes
= J.i__ 3u - Ap (15)
2 Aj €. u
s's | e, 3Tt ug
or
3 1ln Ap
Aa Apu 3 1n ¢
= - -1 (16)
2 A, Je_u 3 ln u )
s°s 8
e !
3 1ln ¢
s
By application of simpler designations:
Ap u
= ¢ (17)
VEgUs
whence we have
Az 1 1
= 9 - E (18)
2 A, 9 1n €, 3 1n ug
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The partial derivative of the objective function according te (u)

is:
aus 9AD aus
oN Ay s (w — + Ap)ssus - bp uey —— .
_ ou 9 u du
P 372 * As 2 =0 (9
du 2 (e u) (e _u_)
s s s s

After rearrangement we have:

Ay Apu d 1n Ap d ln u
= + -1 (20)

2 Aj Jesus 8 1n u 9 1n u

S

Taking Equation (17) into consideration:

Ay 9 ln ¢

]
-

1
- = (21)
2 Ajg 9 1n u. 2

The optimum value of the two operational parameters can be deter-
mined from Equations (16) and (20) or (18) and (21). These Equa-
tions also provide information on the internal relation between

the optimum values of the concentration and gas flow rate:

9 1n Ap 9 1In u
s
—_—— 1l = - — (22)

3 1n u 9 1n €
s

Minimum expenditure can be determined for a given transpor-
tation assignment if the concrete form of functions (12) and (13)
is known, or there are experimental data on the particle flow rate
and gas pressure drop as a function of the gas flow rate and solid

concentration at the designer’s disposal.
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Pressure-drop and Rate Relations in Gas-Solid Two-Phase Flow

Due to the flow resistance, the solid granular material
brought into the gas stream is accelerated and carried away by the
gas stream in the conduit, if the gas flow rate is higher than the
terminal free falling velocity of the particles. A gas stream of
the flow rate (ug) carries the solid particles with a free falling
velocity of (us) this being lower than the former. The relative
rate v = u, - ug supplies the driving force necessary for trans-
portation. The relative retardation of the material stream alters
the composition of the gas-solid mixture in the conduit as compared
to the composition of the material fed into the system. As a
consequence of collisions and friction occurring during transpor-
tation, the solid is slowed down and has to be accelerated again
by the gas stream.This continuous rate energy withdrawal manifests

itself in a loss in pressure.

The value of the pressure drop is calculated - according to
the modern view point - from the equilibrium of forces acting
upon one unit volume of the two-phase stream [3-12]. The following
simplifications were introduced for the stream of a gas-solid

mixture travelling along a straight conduit:
- the flow is stationary and unidimensional,

- the flow rate of the gas and solid along the cross

section of the conduit is constant,

the solid particles are sphere-shaped and of the same
size,

the distribution of the solid material along the cross

section of the conduit is uniferm,
- the changes in the state cf the gas are isothermal.

The equilibrium of the forces acting upen one unit volume of

the two-phase stream can be expressed by

Adp =T +T_+5S_+K

i
1
{
i
i
i
i
i
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where the individual terms are:

the inertia force of the gas:

T = -9 4
e N € . ugdu8 ‘ (2%)

the inertia forces of the solid

D2y

Y
. N e, — u du_ (25)

the friction forces of the gas:

D2n aL vy
§ = 3) £ y2 (26)
g h D 2g &

the force impeding motion of the solid:

Dex

ysts(aug + b) 4L (27)

The latter term accounts for effects arising from the collision,

friction and 1lifting of the solid particles.

Accordingly, considering Equations (2%), (25), (26) and (27),
the equilibrium equation (23) will take the form

Y Y Ay
dptc—sudu +cs-—susdus+s——&u§ dL+esys(au§+b) dL
g g D 2g (28)

The first term in Equation (28) can be disregarded, if the expan-
sion of the gas stream may be neglected. In the section where the
transport is of constant rate, dus/dL = 0 and consequently the
second term of Equation (28) may also be neglected. Accordingly,
the value of pressure drop in a straight conduit of optional posi-

tion is



1973 Determination of Optimum Parameters... 237

Ay
ap =€ — B w2 1 4+ ¢ ys(au2 + b)) L (29)
D 2g g 8 s
It must be pointed out that the explanation given for factors a
and b in the Equations by various authors differs. According to
BARTH and his followers [3-9])

.

A

a = —L (30)
2 Dg
b = sin a + Bo cos a (31)

The value of the additional pipe friction coefficient AJ, as de-
termined by measurement, is generally given as a function of the
Froude-number, with the parameters of the transport characteris-
tics. The factor Bo accounts for the work necessary to lift the
particles in the case of horizontal transportation.

The motion-retarding force K, in Hungarian literature, based
on works by PATTANTYUS [10], PAPAI [11] and SZONYI [12], is consi-
dered to be - in addition to the lifting force required in verti-
cal transportation - the result partly of collisions and partly
of friction. Assuming the mean of the retaining force originating
from collisions in time to be a force that is acting continuously,

the following expression is obtained for factor a:

k
a =X (1+c; sin a) (32)
2g
whereas factor b accounts for the vertical 1ifting of the weight
and the friction of the solid material:

(33)

- b = sin a + kzis

Es is a constant characteristic of the quality of the solid and of

the conduit wall.
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In addition to the quality of the transported material and
the conduit, the values of factors a and b also depend on the
concentration of the solid. According to SZONYI [12], the L
collision coefficient included in factor a has - in the case of
low solid concentrations (es < 0.03) - a high and practically
constant value.The latter decreases with increasing concentration
in an exponential manner. The value of the proportionality factor
ky increases with increasing solid concentration. In a horizontal
conduit, the particles whole weight participates in creating a
friction force and the value of k, tends to 1. A smaller friction
force arises, according to experience, in vertical transportation
and consequently the value of k,; can be only a fraction of that
encountered in the previous case. In the case of transportation in
a dilute stream - especially if the solid parficles are elastic -

k, tends to zero.

The motion equation of the solid material - with the use of
the simplifications discussed earlier - can be derived from the
equilibrium of the forces acting upon the particles dispersed in
one unit volume of the conduit.The resistance of medium - brought
about by the relative velocity between the particles and the gas
stream - acts as a driving force and this must be in equilibrium
with the inertia force of the particles, and the retaining forces

originating from friction or/and collision and lifting work:

Y , D= u, dug

coA, B (u -u)? = e v,aL| = + au + b (34)
2g g L s g 4L

Assuming the specific gravity of the gas to be negligible, as com-

pared to that of the solid: Yot YR Vg the weight of the solid

g
present in a unit volume can be expressed with the aid of the ter-

minal free falling velocity:

D?x Y
e y dL = C.,A £ 2 (35)
s's h"'h s
L 2g

Accordingly, the equation of motion of the solid phase of a two-

-phase gas-solid system is:
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dus g (u_ - us)2
—_— i —— B s - &\12 - b (36)
aL u v2 s
s s

In the case of the transportation of a stationary rate dus/dL =0
and by introduction of the gas flow rate as calculated for the

empty conduit cross section:

1 u 2
v = ——— e v (1 - av2)p + a = (37)
s s 2

VARIATIONS IN THE EXPENDITURE OF TRANSPORTATION IN THE FUNCTION OF

OPERATIONAL PARAMETERS

The formation of expenditure and optimum determination is
illustred with the example of the vertical transportation of
sodium bicarbonate. The characteristics of the material to be
transported are as follows:

5

4a = 9 « 10" metres

2200 kilograms (weight)/cu.metre

v 0.45 metres/second

o

The transporting gas is air.

For the values of factors a and b of Equations (29) and (37)

the experimental values

= 8. 1073

v = 1

were found in tests carried out in a conduit of the diameter

D = 36 millimetres in dilute-stream (ss <.0.005) transportation.

The value of the friction coefficient, as referred to the

empty tube, is A = 0.03. By using data published by WEBER {91, the

connection between the concentration o- the solid and factor a can

be described by the following empirica” Zormula:

-0.0585 ¢
a=8-.103 e s (38)
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The particle
flow rate values, as
calculated by Equa-
tion {37), are il-
lustrated as a func-
tion of gas rate in
Fig.l. Measured data
pertaining to trans-
portation in a dilute
stream (es < 0.005)
are also included in
the Figure. The
pressure-drop rela-
tions, 1in accordance
with Equation (29)
far the case of
transportation of so-
dium  bicarbonate

are shown in Fig.2.

By substituting
the pressure drop
and particle flow
rate values, as ex-
pressed by Equations
(2%8) and (37), into
the objective func-
tion (8), the speci-
fic expenditure of

transportation as

the function of gas

flow rate and solid
concentration can be
determined. The re-
sults of these cal-

culations are illus-

B&tor Vol. 1.
1
- 16 2
2 1
w14 5
=
12 -
10
8-
6.—
4 ]
2._
T T T T T T T
2 6 8 10 12 14
uam/s
Fig.1l. 1 - €¢_ = 0.203 - €, = 0.15;
3 -€ = 0.10 - cs = 0.05;
5 - e = 0.01
e
~
o
-
< 1500
a
<
1000
1
2
4
5 il
] T T T
2 4 6 10 12
u.m/s
Fig.2. 1 - ¢_ = 0.46; 2 - €_ = 0.31;
3 -¢%=0.21; 4 -~ % = 0.113
5 - €% = 0.01
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o
o k4
X &
E ~
~ +
4+ [V
s 1 -
a7 w
7 7 ‘ (=]
(=] -~
— .
. x
=

|

4 — 4
T T T T T 4 T
2 3 4 5 6
wam/s 0.1 0.20.30.40.5
€s

Fig.3. 1 - e = 0.11; 2 - .= 0.21; Fig.4. 1 - u = 2.0 m/sec;
3~ e, = 0.31; - .= 0 2 - u = 3.5 m/sec;

3 - =5.0 m/sec

trated in- Fig.3 and 4 for an output of 1000 kilograms(weight)/hour
if the wvalues of the constants contained in the aim function are

the following:

Ca = 30 Forints/kilogram (weight)
Yo = 7,900 kilograms (weight)}/cu.metre
§ = 0.01 metre
a
t = 72,000 hours
a
c = 3010-G Forint/metre kilogram (weight)

It is clearly apparent from the Figures that the specific

expenditure of transportation shows a monotonous decrease with in-

creasing solid concentration.
to choose the parameters of transportation so as to
in the transporting conduit as

From an economical point of view it

is preferable
have as high a solid concentration

possible.
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The transportation ex-
penditure, when examined as a
function of the gas flow rate,
exceeds a minimum. The flow
rate value corresponding
to this minimum  decreases
with increasing solid con-
centration. The optimum value
can be determined by means of
Equation (21). The value of
the right-hand side of the
Equation (NU in the following)
as a function of gas flow
rate and at various concen-
trations is shown in Fig.5.
The value of the ratio at the
left-hand side of Equation
(21) is

Az

= L8L
2 Aj

at the values of the economi-
cal coefficients given in the
foregoing and at an output of
1000 kilograms (weight)/hour.
The intersection point of
this straight 1line with the
curves of various €  parameter
values directly gives the op-
timum gas flow rate pertaining
to the actual solid concent-
ration. The relation between
the optimum rate and concent-
ration is illustred in
Fig.6.If the highest material

3000+ 1

2000

Fig.5. 1 - ¢_ = 0.46; 2 - €y = 0.31;
3 -l =P.215 b - €] = 0.113
5 - €, = 0.01

T T T T 1
0.1 0.2 0.3 0.4 0.5

€

Fig.6.
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concentration is substituted into the value of ¢, the gas flow
rate determined on the basis' of Equation (21) gives the lowest

possible expense of transportation.

If +the optimum, values of the operational parameters are
known, it is dlso possible to determine the optimum values of the
variables of the original objective function (5). The solid flow

rate pertaining to the U and the chosen € values can be

optimum
calculated from Equation (37), and the diameter of the transport
conduit from Equation (6). The amount of gas necessary for the

trfansportation may be determined by Equation (7).

The calculations carried out so far covered the whole range
of theoretically possible solid concentrations, from €y = 0 to
€, = 1-€. Decisions concerning the practical upper limit of in-
creasing the solid concentration - either by modification of the
transport conduit [7] or by application of an auxiliary procedure,
without modifying the aim function - require further investiga-

tion.

SYMBOLS USED

A - cross section of conduit (sq. metre)

A, - area of the projection of the particle accumulation in a di-
rection perpendicular to the direction of flow (sq. metre)

Cl - constant

¢, - cost of the material of the conduit [Forints/kilogram (weight)

Ce - cost of energy [Forints/metre kilogram (weight)] ' .

Ch - presistance coefficient of the particle accumulation

D - internal diameter of the conduit (metre)

o= external diameter of the conduit (metre)

., - diameter of the particle (metre)

G - weight flow rate of the transporting gas

(kilogram {weight)/second]
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G, - weight flow rate of the solid (kilogram (weight)/second)

ko collision coefficient measured in a horizontal conduit
(me‘t:r’e)_1

ko - propértionality factor

K - motion-inhibiting force [kilogram (weight)] .

L -~ length of conduit (metre)

N - specific cost of transportation [Forints/metre kilogram (weight)l

N, - amortization expense ratioc [Forints/metre kilogram (weight)]}

N, -~ energy expense ratio [Forints/metre kilogram (weight)]

P ~ pressure [kilogram (weight)/sq.metre ]

Ap - pressure drop [kilogram (weight)/sq.metre]

s8 - friction forces in the gas [kilogram (weight)]

Tg - inertia force of the gas [kilogram (weight)]

T, - inertia force of the solid [kilogram (weight)]

u - gas flow rate referred to the total conduit cross section

(metres/second)

ug - actual flow rate of the gas (metres/second)

u,o - flow rate of the solid particles {metres/second)

v - relative rate between gas and solid (metres/second)

vo‘ - terminal free-falling velocity of single particle
(metres/second)

v - terminal free-falling velocity of particle in a suspension
of porosity e, (metres/second)

a - slope of the conduit, as compared to the horizontal

Y - specific gravity of the conduit material
[(kilogram (weight)/cu.metrel

Y - specific gravity of the gas [kilogram (weight)/cu.metrel
Y - specific gravity of the solid [kilogram (weight)/cu.metrel

[ - wall thickness of the conduit (metre)
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- volume ratio of gas
- volume ratio of solid

- minimum gas volume ratio

m

A - conduit friction coefficient

XJ - additional conduit friction coefficient

Eg ~ friction coefficient

T, - amortization time (sec)
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PE3WME

YaensHan 3arpaTta SHEpPruM TPAHCMOPTHPOBKH TBEpALX 3ep-
HUCTHX MarepWanos Mpu NOMOWK FA30BOM0 NOTOKA, M TaHuM Ny-
TeM JeHeMHHe pacxoin TpaHcnopTa B8 3HaYuTensHol Mepe 3a-
BHCAT OT pacyYeTa TPaHCNOPTHOrO MPOBOAA W MOKalaTenew 3HC-
nnyatayru. fNpM NpoeKTUpoBHe TPaHCNOPTHOM CHUCTEMH - B8 CAy-
4ae OoNpeleneHHON MOWHOCTW TpaHcnopTa - AvameTp nMnposBoga w
HONM4YECTBO TPAHCNOPTHUPYHWErO0 rasa HeoBx04quMO BwOpaTtTe c Ta-
HMM pac4eToM, 47006 pacxofb TPAHCMOPTHPOBHH OHAM MHUHUMANL-
HBMH, 3ajadva pewsHa aBTOPaMH BBEREBHWEM BCNOMOraTBNbHHX Ne-
peMeHHux. [AnR onpegeneHWAR ONTUMANbLHBX BEAWYMH NOHasartened
npoyecca - CHOPOCTb rasa, OGbEMHAA QONA TBEPAOrO BeWecTBa
~ onycaH MeToq BoYMUCNEHWA. [lpuMeHeHWe meToda nMpPeiCTaBAeHO
Ha NpHMMepe BEPTHHKANBHOrO TPaAHCNOPTA HWCNOro Kap6oHaTa HaT-
pUf.
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A large number of mathematical models for the
dimensioning of rectifying column and the description
of the process of rectification can be found in lite-
rature. However, all these models use the concept of
plate or column efficiency. In the present paper, &
mathematical mcdel is proposed for the case of contin-
uous and non-continuous rectification which, by appli-
cation of the diffusion model, dispenses with the
necessity of the knowledge of the efficiency.Numerical
examples were elaborated for the illustretion of the
models. The calculations wvere carried out by an elec-
tronic computer.

INTRODUCTION

obtained that is substantially richer than the liquid left in
This operation is very frequently applied in the chemical

still.

Rectification is an operation which enables a vapour to be

industry. In the fractionating columns used to carry out the

ration, heat and material transfer processes occur simultaneously.

In order to determine the main dimensions of such columns,

McCabe-Thiele method

-Savarit method [1] in the case of non-ccastant

A number of papers were published in recent years (2] dealing with

is most frequently applied, and the Ponchon-
overflow is used.
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this subject and proposing models which enable more accurate theo-
retical description of the processes. Efforts were made to try to
describe the simultaneous heat and material transfer by analytical
methods. The most important drawback of the above-mentioned gra-
phical methods 1is the fact that the determination of the plate or

column efficiency is difficult [31].

In the present paper a mathematical model is proposed for
the numerical dimensioning of two-component fractionating columns.
The treatment is basically valid for plate-type columns,but - with

slight modifications - it can also be used for packed columns.

A diffusion model is applied in connection with the plate.
The relations are presented for continuous and batch operation,

the application is illustrated by a numerical example.

CONTINUOUS OPERATION

As mentioned in the foregoing, graphical methods, and - in
the case of certain operational conditions - analytical procedu-

res [e.g. Fenske-Underwood equation (1)] can be used for the de-

termination of the theoretically ne-

cessary number of plates in continu- Xp-1
ous rectifying columns. The real

number of plates can be determined n

if the column or plate efficiency is

known.

Mathematical Model i .

th

Let be considered the n
plate of the column (Fig. 1). The \\\\\_—i,’///
concentration of the liquid entering

the plate (z=0) is Xoo1- The liquid, Fig. 1
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during its progress along the plate, meets the vapour arising from
plate n+l. This vapour

is well mixed and con-

'dG.y“ sequently its concent-

l ration along the co-or-
* dinate z 1is constant
dx h and it leaves the plate
Lix+ g7 dz) - LX-DZ%%Bh enriched in the more

-0 (dx + %ide)Bh-‘— [ volatile component.This
2\dz z ) concentration is, natu-

rally, a function of

z+dz i z
the co-ordinate z. The
La.in+1 liquid, having passed a
plate of the length Z,
leaves it at a concent-
Fig. 2 ration X .

As a first step, the material balance of the more volatile
component is written for an elementary liquid laver of the height

h (Fig. 2):

ax ax a2x
L (x + — dz) - D (— + — dz) Bh + den =
dz 2 4z az?
dx _
= Lx - DZ — Bh + den+l
dz
and
dx a2x _ (
L —dz -D, —~ dzBh = a6(¥ ., - v,) 1)
dz dax

The material transport Dbetween the 1liquid and the vapour
phases can be described by the material transfer coefficient on

the side of the vapour:

dG(§n+l - Yn) = Bg(yn - y%)dfe (2)
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(It is to be mentioned that the vapour concentration varies between

the values and Y and consequently Equation (2) is, at the

y
n+l
same time, the gquation defining the vapour side transfer coeffi-

cient.)

The specific contact area referred to unit volume is intro-

duced:
dfe 1 dfe
. = - (3)
av Bh dz
Considering Equations (2) and (3), Equation (1) becomes
dx a?x
L — ~D —— Bh + 8 (y* - Bhe = 0O
dz z dz? g v Yn)
With the introduction of the dimensionless variables ’
z LZ B _€Bh
E =— , Pe = , No = —B—u 3
Z BhD L
Z
the Equation (4) attains the following final form:
ax 1 a2x
—_—— — + No (y* - yn) = 0 (¥
ag Pe ‘dg?
where
0sEg <1 and x £ x =< X3

n-1

The calculation of the concentration of the vapour rising
from the plate should now be examined. Considering Equation (3),

Equation (2) can be written in the form

- *
4G BgeBh(yn v*)

y_n+1 - yn

but, the molar mass fluxes are constant and accordingly
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aG G
—~ = constant = —
dz z

and consequently
L

-y = —Noly - y¥) (3)
G n

For the case of the rectifying section, the ratio L/G can be

expressed by the reflux ratio:

L R
G R +1
and accordingly
No R _
Y, = (y* ~ v ) + ¥y,
n R+ 1 n n+l
Rearranging:
v R __ s
Yn+1 + o R+ 19 (6)
y=
n
1 + No =
R + 1

The average concentration of the vapour rising from the plate is

LS fl (7
y =— [y dz = [ y_ 4
n o, o °m o ®

The value of y* can be determined on the basis of the equilibrium

curve

y* = o(x) (8)
An equation essentially similar to Equation (5) can be writ-

ten for the stripping section, with the difference that is this

case L and G values are used which correspond to the change in ma-

terial flux caused by the feed:
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e FNoL/Gy*
Ynei + NolL/Gy

1 + NoL/G

Yo °©

The fth plate, i.e. the plate where the feed enters will now

be examined in order to

determine the relation LoXg 1

between the concentra-

tions in the rectifying — {_

and the stripping sec- L'Yf'l / \\

tions,resp. (cf.Fig.3). ~ 7 _‘_?ﬂL_F'xF
Supposing that a /1 =1

thorough mixing has oc- I’xfl//L““\aiiilj\,,__§__\\\

curred between the feed

and the liquid leaving
plate (f - 1) in the
downcomer tube prior to entering the plate, the material balance

Fig. 3

for the volatile component is:

fo—l + FxF = fo—l
or
L _ F
x = - X - —-x
-1~ Tf-1 7 F (9)

It is apparent that only the relation between the material
fluxes need to be given. This can be done on the basis of the
overall material and heat balances of the feed plate (Fig. 4).

The overall material balance is:

_ - L.'iL Gnis
L+F+6 = G+1L ‘ ‘
F,iF
The heat balance is: | ‘ l l
é,ig Ioit

Li, +# Fi_ + Gi_ = Gi, + Li
g L
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Assuming that

i, =~

L and i, = 1(-}

i
the ratio of the change in molar flux of the liquid to the feed

flux is q;

(10}

G -G
=q -1 (11)
F
and
1 D
1 i, - 1
G F
Q= (12)
lG—lL
F £ Summarizing the equations
obtained, and taking Fig. 5 into
consideration, we obtain
N
N dx 1 a2x
— - — —— + No(y* -y ) =0 (k)
ag Pe 4g2
where
M
LZ/BhD if 1 £ n £ f-1
z
Pe =
Fig. 5 Lz/BhDz it £ Sn <N
Va4 * No (L/G)y*
y_ = (6}
B 1 + No (L/G)
where
B £€Bh 2
-5—5——— if 1 snstf-1
Fo L/G =
8 ¢Bh 2
£ —— if £SnsHN
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1
y, = é y, d& (1)
¥* = 9(x) (8)
L F
x = - X - T x (9)
£-1 7 T ¥ee1 T T %F
L -L=Fq (10)
G - G = F(g-1) (11)
i, - i
q = L £ (12)
ig - i

In order to make the model complete, the boundary conditions are
to be defined.

Boundary Conditions

In the case of Equation (u) (13)
x(1) = x 1<ns<¥N {13)
and
dx
— (1) <o (14)
dg

i.e. the derivative of the concentration function of the liquid
leaving the plate is a constant, which is.characteristic of the
plate (and of the degree of the material transfer) whose value is
different at every plate. As a first approximation, it was suppo-
sed that the value of this constant was zero. In order to estab-
lish the validity of the material balance, the value of the con-
stant was varied by iteration until the material balance was true

to the prescribed degree of accuracy. It should be noted here that
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’

the value of Equation (14) cannot be zero, as it is generally as-
sumed in literature [e.g. (5)1; this would be true only in the

case of a plate of infinite width.

« The concentration of the distillate should be known, i.e.:

IA
™y
A
-

x; < x(g) =x 0 (15)

D

Equation (15) should be formulated like this, since it cannot

be prescribed that

if the value of Z is fixed.

Generally the concentration of the bottom product 1is also
prescribed; however, this is not adequate to be chosen as a boun-
dary condition. Considering Fig. 6 the material balance for the

more volatile can be constructed:

LxN = GyN+l + MxM
N
and from this
G M
X = -y + — X
N LN+1 LM

Assuming equilibrium in the boiler: M,Xy
Ypep = 0(xy)
Fig. 6
and consequently
G M
X, = = ol{x,) + = x (16)
N L M i M

The material fluxes can be determinec on the basis of the top

and bottom product concentrations, as well as the condition - Eq.
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(12) -, amount and concentration of the feed, for a given reflux

ratio, since

Gyj?f L’xf..l

=]
L}
(=2 I ol

——— F_'XF

and on the basis of Fig. 7

FxF = DxD + MxM

and
F =D+ M

The value of D and M can be
determined from this equation, Fig. 1

and on the basis of

and
G

L +D

the material fluxes in the rectifying section are L and G. By the
application of the values of q and F and on the basis of Equations
(10) and (11), the L and G values will be known.

Moreover, the 1location of the feed, i.e. the value of f
should be known. Considerations concerning this problem will be

described in the following.

Numerical Solution

In the determination of the boundary conditions, cases were
considered where the degree of separation was predetermined and
the necessary number of plates was sought. The algorithm enabling
the calculation of this problem will be described here.
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The calculation will be started at the bottom of the column,

at the NTD plate, considering the conditions

x(1) = xy

and

dx
— (1) = constant (N)
4ag
The equilibrium curve can be written, with the application of the

relative volatility, in the following form

ax

y* = —m—— (17)
1+ (a - 1) x

where generally o = a(x),i.e. the y* pertaining to a given x value
can be determined. The value of Ya for the lower section is ob-

tained on the basis of Equation (6):

- *— -,=
Yoep * Y* Mo L/G

1 + Ko L/G

Yo T
Accordingly, x{E) can be calculated with the application of Equa-
tion (4). By proceeding along the plate to the value § = 1, the
function yn(g) is obtained, by whose integration the average con-
centration of the vapour arising from the plate is obtained ([cf.
Equation (7)]. If the place of feed has been reached, the change
in concentration due to the feed can be calculated by Equation (9},

where

for the fth plate.

Using Equations (10}, (11), and (12), the material fluxes,
as well as the No and Pe values of the rectifying section can be
determined. The calculation is then carried on until the conditispn

x(g) 2 x
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comes true. The plate on which this occurs will be the first plate.

Hereupon the calculation is repeated with various feed places
taken until the partigular feed place giving the minimum number of
plates is found.

In order to illustrate the aforesaid, a numerical example
will be presented. The calculations were carried out using digital:
computer type ODRA 120u.

Numerical Example

Data used in the calculation of the example:

D = 88.8 kilomoles/hour F = 216.8 kilomoles/hour

M = 128 kilomoles/hour q = 0.916

fM = 0.00565 Xp = 0.36

L = 303.4 kilomoles/hour x, = 0.87

G = 174.45 kilomoles/hour ) = 0.0782 hour/kilomole

a = § e =  303.4% hours/kilomole
where Pe = ©pL and e = L No.

The material transfer surFface area and the material transfer

coefficient were determined on

the basis of HOBLER [4], where- 1.0
as the diffusion coefficient X
. 6
can be calculated on the basis 0.8 — |
—— /
The results obtained are 0.6 -
illustrated in Figs. 8, 9 and | "
g | —
10. Figs. 8 and 9 show the 0.4 4
. —
changes in liquid and vapour 3
concentrations along the plate, ’ ______——E——
resp. Fig. 10 shows the con- I e
centration of the liquid en- .
tering the plate and the ave- 0.0

rage composition of the vapour 0.0 0.2 0.4 0.6 0.8 £
leaving the plate along the

height of the column. Fig. 8
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1.0
6
0.8 5
. 4
0.6 3
=]
0,4
e 2
__‘——‘_—
0.2 e
4_——_—_——_T——
0.0
0.0 0.2 0.4 0,6 0.8 €
Fig. 9
6 /
. /A
, // ’
, ///
v/
0,0 0,2 o0, 0,6 0,8
X,y
Fig. 10

BATCH OPERATION

In the case of
batch fractionating co-
lumns, two modes of
operation can be dis-
tinguished, according
to the aim of the pro-

cess:

- operation with a
distillate of con-
stant composition,

- operation at a
constant reflux

ratio.

From the two modes
of operation mentioned
above, the first is ap-
plied more frequently.
This necessitates a
continuous variation of

the reflux ratio.

A batch fraction-
ating column will now
be considered and its
mathematical model con-
structed, together with
necessary initial and
boundary conditions.
Heat and material ba-
lances will be employed.
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Mathematical Model

/’”/ 1~ :>\/,Qk
The fractionating column is e N
/

shown in Fig. 11. The material balance { D:XD
of the column will now be constructed a ————— <
for time instants v and T + dr. The 1l el — !

. . ) 1
overall material balance is n-1'———_ /

1 /
dF "NoAT e /
F=(F+—at) +D dr n+1 —tﬂi"\'lﬂ,//

dr .

from where \\\
aF
D= - — (18) Faxg,tp \
dr
The material balance for the more vola-~ Qw
tile component is
Fig. 11
ar dxF
Fxp = (F + — dT)(xF + — dt) + DxD dt
daTt dt

and rearranging

dxF D

= - - (xD - xF) (19)
art F

The following two equations are deduced from the material
balances applied to the column.

The overall material balance, for the part enclosed by the
control surface is

D+ 1L = G (20)

The material balance for the more volatile component, for the

part enclosed by the control surface is

Dxp + Lyxy = Gus1 Ypa1
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from which

D
n+l
X = —Y - — x (21)
n 1 n+l L D
n n

Further relations can be derived by constructing the heat balance:

. 4F aip
FlF + qAdtr = (F + ;: dr)(lF + . dt) + Dipdr + (D + Ln) MDdeT

It is supposed that a perfect condensation occurs in the condenser,

where the amount of heat to be removed is

= \
Qe = (D + L} Mpr)

the same, expressed with the reflux ratio; is

Qk = D(R + 1) MDrD

The relation can be simplified by supposing the additivity of the

enthalpy:
i = - 22
i= [xcl + (1 x)c2]t (22)
and
di 9i at 9i dx
—_— — —  — —
dr at dr dx drt
where
dai )
— = xc, + (1 - x)e
at . 2 (23)
ai
— = {c; - e )t
The above equation can be simplified - *he group of Equations (23)

is, for the sake of conciseness, not gi-
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ai 0i_ dx
F F . F F F

atF dart axF dr

at
(2k)

qQA = F r

D

+ D (1D - 1F) + (D + Ln) Mpr o

The following should be added to the connections obtained in

the above:

tp = w(xF) (25)
and
dt at_, dx dx
Fo_ F F_ a(XF) F (26)
dt dxF dt dt

from where Equation (24), considering also Equation (19), will be-

come
aiF a1
qA = D[lD - 1F - (xD - xF)( a(xF) + Y} o+ (1 + R) MDI'D]
3t 3x
F F
or
qA = D[lD - iF - (xD - XF)[(chl + (1 - xF)cz)a(xF) +

+ (cl - C2)tF] + (1 + R) MDrD] (27)

where the enthalpies iD and iF can be calculated from Equation
(22), taking the corresponding concentrations X, and Xy as well as

the temperatures t, and ty into consideration.

The relations defined in the foregoing have to be supplemen-
ted with the equation of the equilibrium curve, as well as with
the elementary material balances as written for a plate (cf. sec-

tion 1.) and the definition of the reflux ratio.

In accordance with the foregoing, the equations can be sum-

marized in the following:

aF
—_— = D (18)

dr
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dxF D
—E == g - ) (19)
d= F D F
D+ L =G, (20)
G D
n+l
=¥ - — X (21)
n L n+l L D
n n
qA = D{iD - ip - (XD -~ XF)[(ch1 + (1 - xF)ce)a(xF)tFJ +
+ (1 + R) MDrD} (27)
y* = o(x) (8)
ax 1 a%x
_—- + No(y* -y ) =0 (%)
dE Pe dE? t
y_ = Ypey * No L /G, ¥* (6)
n
1l + No Ln“Gn+l
L (1) L (1)
R = R(1) = =2 = - (28)
D(T) G(t) - Ln(T)
q = k(t, - tg) (29)
where te is the constant temperature of the heating medium and k

is the heat transfer coefficient.

It is supposed in the course of the solution of the set of

equations that the molar material fluxes are unchanged along the

column in a given time instant {i.e. the dynamic hold-up is con-

stant along the column, but it may be dependent on time).
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Conditions

In order'tg_solve the set of equations, the initial and bo-
undary conditions, which, for Equation (4), are the following

x(1) = x 1 <n<N (13)
and

dx

~— (1) = constant(n) (14)

dg

The constant described here is characteristic of the plate men-

tioned in the foregoing.

The initial conditions are the following:

F(Q) = Fo

xF(O) = xg (30)
o

tF(O) = tF

The further conditions are dependent on the mode of operation and

accordingly in the first mode

x, < x{g) = x; = constant 0SES<1 (15a)

and

R(0) = R, (318)

whereas in the second mode of operation

D

xD(O) = x (15b)
o o

and

R(t) = R = constant (31b)



1973 Mathematical Models for Rectification Processes 265

Numerical Solution

While defining the limiting conditions it was supposed that
the number of the plates being present in the column is at first
not defined, it will be decided on the basis of the initial con-
dition with application of the model. The calculation is carried

out according to the following:

the molar material flux of the destillate is determined from
the given conditions ‘by Equation (27) and hereafter the material
fluxes are determined with the application of the initial value of
the reflux ratio and with Equation (20). As the material fluxes
are known, the composition of the liquid leaving the last plate
(n = N) can be determined on the basis of Equation (21) and since
the values
Yper = 0lxp)
(8)
Y = elxy)

can be calculated, the change in concentration along the plate can
also be determined. The calculation is now carried out in accor-
dance with the procedure described in Cﬁapter 1, from plate to
plate, as long as the condition given in Equation (1§5) is fulfil-
led. The number of plates determined in this manner will be con-
stant in the following, and accordingly the calculation is carried
on with a column of known number of plates.

The rates of changes can be determined on the basis of Equa-
tion (18) and (19) and the new. values can be calculated if the

time scale has been fixed. Accordingly:

aF
F(1 + A1) = F(t) + — (1)ar
dt
dx )
(v + a1) = x (1) + — (1)ar
xp(t F .
dt

tF(r + At) = tF(T) + —E (1)t
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The course of further calculations is the following:
1. In the first mode of operation

the above described calculation is first repeated with
unchanged reflux ratio and should the condition

lx. - x

D pul =

be fulfilled, the reflux ratio need not be modified. 1In
the opposite case, the reflux ratio is to be modified
(increased) until the condition is fulfilled (the pre-

scribed margin of error is ek).
2. In the second mode of operation

the calculation can be carried on without alteration,

with the only remark that

i.e. the composition of the vapour leaving the uppermost
plate gives the new composition of the distillate.

The calculation is carried on until the prescribed final com-

position is reached.

In order to illustrate the model a numerical example has been
elaborated for the case of a constant reflux ratio. The calcula-
tions were carried out with digital computer type ODRA 1204.

Numerical example

Data used (ethyl aicohol-water system):

Fo = 200 kilomoles
Xpg © 0.3

Xpo © 0.7

R = 0.52

P = 1 atmosphere
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A = 10 sg.metres
k = 200 kilocalories/sq.metres~hour-oc
_ o
tf-lso C
p = 0.125 hour/kilomole
¢ and
e = 86 hours/kilomole
a = 46 x2 - 38.2 x + 10.36, if 0 < x £ 0.4
a = 4-16 x2 - 8.2 x + 5.02, if 0.4 <= x < 0.7
furthermore
tbp = 14y x2 - 100 x + 100, if 0 £ x £ 0.
tbp = -8.5 x + 86.5 if 0.4 £ x <
The constants
in the relations re-
ferring to the rela-
200 — 0.3 tive wvolatility or
bubble point were
F F XF determined by para-
160 — bolic or linear
approximation. If a
Xg 0.2 higher degree of ac-
120 curacy is_ required,
the constants can be
determined by regres-
sion analysis.
80 T T T T T .
0 1 2 3 4 5 6 Fig. 12 shows
T the changes of the
Fig. 12 quantities F and Xp

plotted against time.

The numerical example can be calculated for changing the

reflux ratio in the same manner.
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CONCLUSIONS
¢

Table 1 clearly illustrates Table 1
that the value of the initial de-
rivate dx/dg(1) considerably dif- Number of dx
fers from' zero in the case of a plate dE |g=1
number of plates and this ac- 1. -0.025
counts for the consideration of 5. -0.032
the final plate dimension. 3. _0.08k%

It should be mentioned that k, -1,300
the model enables the determina- 5. -0.350
tion of the composition of +the 6. -0.180

top and bottom products in con-

tinuous operation at a given plate

number, i.e. in the case of a given column, if the feed plate and
the conditions of feed are known. This could make possible the de-
termination of the optimum feed Place and calculation of the cor-
responding top and bottom products in the case of switching over

to another product.

Further development of the models may also enable the con-
sideration of a variable takeoff; however, in this case they be-
come very complicated and the calculations are very difficult to

carry out.

SYMBOLS USED

a functional relation
specific heat (kilqcalories/kilomole-°C)
fe material transfer surface area (sq.metres)

h height of liquid on the reay (metre)

i molar enthalpy (kilocalories/kilomole)

n number of trays

q heat flux density (kilocalories/sq.metre, hour), dimension-

less variable (~)
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latent heat (kilocalories/kilogram)

temperature (°c)

concentration of liquid

concentration of vapour

average concentration of vapour leaving the tray

vapour concentration in equilibrium with x

heat transfer surface area (sq.metre)

width of plate (metre)

material flux of destillate (kilomoles/hour),
diffusivity (kilomoles/metre hour)

material flux of feed (kilomole/hour),
bottom product (kilomole)

material flux of gas phase (kilomoles/hour)

material flux of residue (kilomoles/hour),
molecular weight (kilograms/kilomole)

total number of plates

heat removed by the condenser (kilocalories/hour)

reflux ratio

Peclet-number

dimensionless quantity

Greek letters

m e M ™ R

relative volatility
heat transfer coefficient (kilomoles/sq.metre-hour)

heat transfer surface area (sq.metres/cu.metre)
sign of functional relation

dimensionless variable

Indexes

A~ B ]

refers to the feed plate
refers to the condenser
serial number of plate
refers to the vapour side

269
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direction of the co-ordinate z
refers to the destiilate

refers to the feed or bottom product
refers to the vapour phase

refers to the liquid phase

refers to the residue

=2 2 Q" 9N
-
[N N>¥]

refers to the last plate
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The aim of the authors was the extensive inves-
tigation of the problems emerging in the mathematical
modelling of packed absorption columns.

A method will be described which can be used for
the determination of the concentration distribution in
a packed column. The measured data were processed to
these calculations, two models, the Piston Flow model i
(PF), and the Axial-Dispersed Plug-Flow model (ADFF) :
were used. The comparison made between the measured
and calculated data revealed the fact that the ADPF
model fulfils the process with satisfactory accuracy
between the examined limits.

If the liguid load of the column is increased,
the use of the PF model is also favourable.Both models
were used in the determination of the component trans-
fer coefficient. The numerical value of the transfer
coefficient (Bw) obtained by the calculations based on
the ADPF model was twenty or fifty per cent higher
than the same one of the PF model.

The mathematical modelling of chemical processes is based on
the DAMKUHLER equations [1], which express the conservation laws.
Depending on the real application of these equations, different
types of models exist [1, 21].

From other viewpoint, the general equations have to be

transformed for the description of a given process, using the in-
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formation previously obtained in the experiments.The derived equa-
tions are in general more or less simpler. It is well known that a
simpler model in most cases poorly describes reality, byt is easy
to handle.

The basic aim was to select a model which works well, where
the computation of the results can be carried out quickly and
without effort.

In this work, a packed absorption column was investigated.
Based on the mentioned mathematical models, the calculated and ex-
perimentally determined data were compared and an answer was given
for the questions raised previously.

SULPHUR DIOXIDE ABSORPTION IN PACKED COLUMN

Sulphur dioxide is moderately soluble in water, its concent-
ration can be determined - either in liquid or in gas phases -
easily and exactly. In view of these favourable properties, this
gas was selected from among the others. The equilibrium concentra-
tions cof sulphur dioxide existing in the 1liquid and the gas phase
being in contact with each other can be described fairly well by
the following equation, which is valid at 15°C and at atmospheric
pressure [3, 13]:

where H = 62.3 and ¢? = 0.008k (moles per litre).

The Arrangement of the Absorption Column

The experiments were carried out in the absorption column
shown in Fig. 1. The column, built up from seven glass tubes, was
filled with Raschig rings. The I.D. of the column was 0.1 metre
and the packed height was 2 = 2.13 metres. The dimensions of the
Raschig rings were 10 mm o.4. X 10 mm deep x 1 mm thick.
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The solute free liquor - tapwater - was regulated by a
valve, 1t was led through a rotameter and six liquid feed jets
built into the top of the column. Through these the water was
evenly sprayed over the rings. The amount of the solution, collec-
ted at the bottom of the column was held constant by a level cont-

roller and the exit solution was led into the drain-pipe.

A gently heated steel bomb was used as the source of sulphur
dioxide and the air which was mixed with it was provided by a
blower. The flow rate of air was regulated by a valve and measured
by a rotameter. The sulphur dioxide containing air was blown into
the bottom of the column, it passed upwards through the packings
and came into contact with the liquid and finally left the column
through the top. In order to obtain detailed information about the
running absorption column, it is generally insufficient to deter-
mine the compositions of the gas and liquid phases at the top and
bottom of the column, but it is necessary to locate several sam-

pling taps along the packed height.

In addition to the construction of the column, the sampling

method is important with regard to the accuracy of the measurement.

The Sampling Methods and Analytics

For the determination of the concentration profiles the liquid
and gas phases along the packed column, twenty three sampling taps
were mounted, among these eleven were used for taking gas, and the
remainder for liquid samples.lear to the bottom of the column, the
taps were located near to each other, this arrangement made it
easier to determine the higher concentration changes that occurred

in the phases.

The sampling is accurate if the composition of the sample is
the same as the composition of the bulk phase at the level of the
sampling tap. This idea was taken into account in the design of
the sampling taps which can be seen in Fig.l. In the design of the
shape and dimensions of the taps, special care was taken to ensure
that they only slinghtly disturb the flow of the phases.
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The gas sampling was carried out by a five millimetres I.D.
tube, sealed at one end and perforated along its mantle in the di-
rection of the gas flow. This tube was placed at a right angle to
the axis of the column.A small baffle plate was soldered on to the
tube to prevent the penetration of the liquid into the holes. The
gas samples were free of liquid and their composition well repre-
sented the streaming gas phase at the given cross section. The vo-
lume of the sample is negligible, so the flow conditions were un-

disturbed.

The sampling of the
liquid involved some dif-

ficulties, because due to

the random arrengement of

the rings,the flow of the

liquid was uneven along

ey

20mm

the cross section. There-

fore, the sampling tube

was fitted with a funnel
and a pipe <stub as shown

in Fig.2.

As it can be seer in

L 50 mm- {

Fig. 2., the liquid drip-~

ping into the funnel (1)

Fig.2, Method of sampling the liquid flows through the pipe

phase
stub (2) mcunted wupwards

oy

rrangement,

and finally it flows back tc the packing. Using this
the liquid sample, taken at certain intervals, well repre

serTs tn

1

composition of the bulk liquid.

I

The sulphur dioxide content of beth phas

13
%3
z
Py
0
fu
&
%
‘-
«
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M
v
e}
[§
<
t

Tetrically. The gas samples were sucked In
Care must be taken by the sampling to fuifil th

tion:
+ B 3600 V/G

where t = duraticn of samplirg (sec)
v = volume of the sampling flask [litres]

volume flow rate of gas {litres per hour)

(2]
n
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If the sampling does not comply with the above requirements, the

results are generally incorrect.

Experiments

Experiments were carried out with 1liquid loads (L) ranging
between 6,370 and 31,850 kilograms per sq.metre per hour, and gas
loads (G) ranging between 330 and 2,320 kilograms per sq.metre per

hour. The liquid/gas ratio varied between 4 and u48.

By starting the experiments, the liquid and gas feed rates
and the sulphur dioxide concentration of the entering gas was ad-
justed (approx. 4 and 5 vol.% sulphur dioxide). It was found that
after five or ten minutes, the column reached the steady state. At
the sampling, careful attention was paid to the running of the co-
lumn. The analysis of the inlet gas gave uncertain results, there-
fore these concentration data were computed on the basis of the

over-all mass balance of the column.

Among the others, two runs were selected, the concentration
data of the phases measured during these runs are collated in Tab-
le 1. The data represent the sulphur dioxide concentration of the
liquid phase, e (moles per litre) and that of the gas phase ¢,
(volume per cent) along the packed height of the column and at a
given liquid and gas load. Table 1. presents the concentration da-
ta of the phases in dimensionless form (xL and yG). The dimension-
less concentration (yG) was obtained by dividing the actual gas
concentration with the same one of the inlet gas. In the case of
the liquid, the dimensionless concentration was computed by the
equilibrium equation, using the appropriate gas concentration data.
The dimensionless concentration data have values between zero and

one.

Comments are to be made with regard to the values of cg and
Yg at 2=0. The dimensionless concentration of the feed gas at the
bottom of the column is equal to one. The data yq {2z=0) in Table 1.
represent the concentration data of the gas being in the packed
zone at 2=0. These concentration data cannot be determined experi-
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mentally, they were extrapolated using the concentration data
measured at z > 0 heights. The results were yG(o) = 0.9L4k and
yG(O) = 0.976, respectively. To increase the accuracy of the
extrapolation, the sampling taps were located near to each other

at the lower part of the column.

MATHEMATICAL MODELS FOR THE DESCRIPTION OF A PACKED ABSORPTION
COLUMN

The dimensions of the Raschig rings are relatively small re-
lated to the dimensions of the column. The liquid, streaming down-
wards through the packings is dispersed into small droplets and
films, and the number of these is high. Due to this, both the con-
tinuous and dispersed phases are described by a continuous mathe-
matical model.In the examined case, this means that the properties
of the phases are regarded as a continuous function along the
height of the column. Among the others, two models are frequently
used for the description of process units, these are the ideal
Piston Flow (PF) model and the Axial-Dispersed Plug-Flow (ADPF)
model.

It is presumed by the application of the PF model that the
flow rate of the phase is independent along the path and the con-
ductivity factor is zero.

According to these, the PF model can be formulated as follows:

ar or
— ® - v — + gwATl (2)
at oz

Compared to the general equation used for the description of
process units,Eq. (2) is simplified in two points. On the one hand
the conductivity term is neglected,on the other it is assumed that
the convective flux exist only in the direction of the z co-ordina-
te.

The most simple ADPF model assumes a conductivity flux along
the z co-ordinate and the conductivity factor is independent along



1973 Mathematical Modelling of Absorption Columns I. 279

the path:

ar ar azr
— % - Yy — + D —— + gwAl (3)
3t dz 3z2

These two models will be used for the description of the

packed column.

For the description of the two phase countercurrent absorp-
tion column, the foliowing differential equation can be given ba-
sed on the ideal PF model:

dx. . .
z =
+;StL[A(yi - 1) + (1 - xi)] 0 (%)
dz . .
dyi ‘
—= 4+ StG[A(y. ~ 1) + (1 -x)1 =0 (5)
; i
dz
where
(Bw).Z i (Bw).Z H B ocp g
StL=______}._.;StG=____1.___;A=._.__.L1_n___._
*
vy veh Hoegin* %o

The differential equations of the ADPF model are:

1 dsz d Xy
-_— + + st [a(y, - 1) + (1 -x )} =0 (6)
L D D
Pe dz? az
1 dZyD d vy,
—_——— - — - StG[A(yD - 1) + (1 - xD)] =0 (1)
Pe az? dz
whepe N
v, 2 v. 2
PeL = L s PeG s L
Dy L DeHg

Eq. (4) and (5), as well as (6) and (7), describe the pro-
Cess ynit only with the help of boundary conditions. These equa-
tions express the conservation law. tor the evaluation of the
boundary conditions, the mass balances to be constructed are valid
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at the contact points (z=0 and z=1). Several authors dealt with
the problems of the boundary conditions [5, 6, 7], their work was
used here, therefore a description of the details has been omitted
Taking the PF model, the concentration of the gas in the packing
at z=0 1is to that of the inlet gas. Similarly, this is the case
with the liquid at the opposite end of the packing (z=1), its con-
centration equals the inlet liquid. These are indicated in the

following expression:

(8)

n
[

yi(z=0)

X (9)

in

ft

xi(z=l)

For an evaluation of the boundary conditions valid for the
ADPF model, the absorption column as a whole has to be examinec.
The packed part of the column was regarded as a closed system anc
it was assumed that the properties of both the liquid and gas
phases in contact with each other in the packed space are similar
to the ideal plug flow. With these assumptions the boundary condi-

tions are:

o

)
[

N
H

s
[FS)

+ Pe.[{x(z=1) - x._1 =20 {

The boundary conditicons of the ADPF model give the ccncenl
tration of the phases Ir the column that can be descrited with !

continuous function, but a discontinuous function described the

concentration values at the inlet points.
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The differential equations of the models using the boundary
conditions were solved [S, 8, 91. E.g. the solution of Eq. (%) and

{5), using the boundary conditions given in EIq. (8) and (9), is as

follows:
A St
when —_— F 1
St
1- % A st,
X, S TRY {exp[(StL - A StG)Z] - - } o+ 1
- exp(StL - A StG) L
S (14)
SLG 1 - xin
vy o= g;; 5t {exp[(StL - A Stglzl - 1} + 1

——— - exp(8t, - A St,)
StL L G (15)

MIYAUCHI and VERMEULEN [8] solved the equations of the ADPF
model for several conditions, these can be found in their paper.
The mentioned solutions were applied in the further calculations

which were carried out by an electronic computer, Typ. ©DRA 1204.

"HE EVALUATION OF DATA ON THE BASIS OF THE APPLIED MODELS

First of all the parameters of the equations have to be de-

termined. KXnowing the numerical values of the parameters, the sc-
luticn of the differential eguation system prasents the x(z) and
v(2) functions. Comparing the measured and caiculared concentra-

“isn profile data, the applicability of the models used can  be

At first the PF model was investigated.

it “etermination of the Mass Transfer Coeff.cient of
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out for all the investigated sections of the column. The feature
of the column is constant along its longitudinal axis, the used
model involves this statement, therefore the concentration data
xL(z) and yG(z) determined at the point z can be used for the cal-
culation of the transfer coefficient (Bm)i being valid for the exa
mined volume unit of the column. The calculations can be carried

-

out with the following expressions:

if z >0 and A # 1
v 1 A{LL - x,.(z)] + Aly.(z) - 11}
Bu(z),; = L= g L & (16)
zZ2 1-A All - xL(z)] + A[yG(z) - 1]
if 2 =0 and A #£ 1
) v 1 1~ x, 4+ Alx. - x.(0)]
Bm(z):.L - -2 1n in in L (17)
2 1-A 1 - x.(0)
A St
where A= i
StL

Using the measured concentration data of the previously men-
tioned two runs, the (Bw)i value were computed and these are pre-

sented in Tables 2. and 3.

The values in the Tables 2. and 3. indicate that (Bm)i is the
function of the co-ordinate z, its mean value can be given by EQ.
(18):

1
(Ea)i = f Bu(z)idz (18)
)

The mean values are also presented in Tables 2. and 3.

The deviation of the (8w); values from the average can be

given by Eq. (19):

101 . ‘
J IBN(Z)i - (Bw)il dz - 100, 3 (19

(Bcn)i
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The equation of the model was solved using the mean (EE)i
value and the sulphur dioxide concentrations of the liquid and gas

phases were calculated. The computed x(z). and y(z)i values are

i
summarized in Tables 2. and 3. Comparing the x; and yg data in
Table 1. with the adequate data in Tables 2. and 3., the discre-
pancies are significant to the model. The deviations between the

data can be characterized by the following equation:

+ IyG - yil] dz (20)

1
be; =3 g []xL - xi|

The Determination of the Transfer Coefficient of the ADPF Model

Using this model, not only is the transfer coefficient, or
the St number unknown, but also the values of the other parameters,-
the mixing coefficients of the phases (DL and DG) are concealed.
The mixing coefficients are included in Peclet numbers PeL and Peg.
For the determination of the numerical values empirical formulas

were published in literature [10, 11]:

a
- i 3
-0.013-0.088 3 ReL

v,.4d
e 2.h(ReG)’°‘2- 10 k (21)
DG
D.p
LL . o.527 (Rey)t/2(cap)t/? (22)
57
v.d p v.d p d3gp?
ReL,._L_.P._I.:;ReG=_Q_L_§;GaL=.2__I:
9 ¥g ¥
“here 4, = diameter of the column (metre)
d_ = nominal diameter of the packing (metre)

P
PLs Pg = liquid or gas density (kilngrams per cu.metre)

¥p» g = dynamic viscosity of the . iquid or gas (kilograms
per metre per second)
€ = gravitational constant (metres per sq.second)
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The hold-up of the column was calculated by Eg. (23) [12]:

v.p, 0.6
3 ( L L)

d
p

The numerical values of constants in Eq. (23) were taken from li-
terature [13].

H = 3.48 x 10~ (23)

L

The calculated mixing coefficients are presented in Tables .2.
and 3.

For the determination of the (Bw)D values,the experimental-
ly determined data were used. The previously discussed boundary
conditions of the ADPF model are valid only for the closed systenm
and as such, the absorption column has to be regarded as a whole.
Therefore it is impossible to calculate the (Bm)D values for each
section, there is only one (Bw)D value for the whole column. Using
the solutions of Eq. (6) and (7), the (Bm)D value was determined

in such a way that Eq. (24) is at minimum:
dep = 3 £ []xL - xDI + IyG - yD|]dz (2k)

The calculated (Bm)D values, and the x(z)D and y(z)D data are col-
lected in Tables 2. and 3.

dcp is characteristic for the deviations between the calcu-

lated and measured values, this is also shown in the mentioned

Tables.

THE VALUATION OF THE INVESTIGATED MODELS

The P.F. Model

The computed (Bw)i values depend on z; it is caused either
by the deficiency of the model or by the scattering of the measured
data. For the determination of the scattering, several parallel

runs were made. It was found that the scattering was c_ .. .. ..pment
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= 0.03. In contrast to this, in the experiments ‘the following data

were measured. which are summarized in Table &.

Table &4
L < 12 Thko h & 31 % Ac; = 0.10
2 12 TL4O
G < 990 h =19 % be; & 0.05
2 12 Tho
6 > 990 h &~ 14 % be, 0.0k

The data show that the deviation ey is many times higher
than the experimental error. The two values approach each other if
the liquid load of the column is high. It is assumed that the dif-
ferences between the measured and calculated concentration values
can be deduced both on the inadequacy of the model and experimen-
tal errors. The deviation is regarded as the sum of both:

Ac, = A + A

c
cmea.surement model

From the data collected in Table 4., the conclusion can be
drawn that if the liquid load is low, the model describes the in-
vestigated system imperfectly, here the value of ac_ .., is approx.
9.07, which means a ten or fifteen per cent deviation between the
measured and calculated concentration data. If the liquid load is
inCr‘eased, this deviation lessens in the examined range and finaly

reaches the 0.01 value.

On the basis of this, it can be stated that by high liquid
loads the PF model can be applied for the design of an absorption
column. This statement is also supported by the values of h, which
Tépresent the deviations between the Bw(z); and the average. If
the 1iquid load is low, the deviation of “1e (Bw); calculated from
the experimental results, is 31 per cent, in the higher liquid
load range this decreases until 1% per cent. The data suggest that




288 P. Arva and F. Szeifert Vol. 1.

Table 5
By, Bg (Bw)D ey (BM)D-(EE)i A -dcyp Acmod,D
. . (Bw)D

i(l;zzis) (liziis) (103/sec) (=) (%) (=)

50 2000 2.99 0.0L48 -37.4 0.0b45 0.018
4000 6.58 0.048 48.8 0.035% 0.018

6000 5.82  0.033 37.8 0.032 0.003

8000 5.85 0.033 61.7 0.082 0.003

10000 5.60 0.043 6L.2 0.076 0.013

100 2000 6.0 0.027 39.8 0.027 0.00C
4000 10.30  0.024 28.8 -0.003 0.000

6000 9.19  0.023 26.5 0.032 0.000

8000 11.38  0.033 41.5 0.022 0.003

10000 11.06  0.029 47.8 0.0L6 0.000

150 4000 13.00 0.046 53.5 0.03L 0.016
6000 13.18 0.027 2h.2 0.001 0.000

8000 11.32  0.019 1.2 0.008 0.000

10000 14,56 0.032 23.6 0.007 0.002

12000 16.27 0.023 L6.2 0.0k2 0.000

14000 15.17 0.036 Lks.9 0.024 0.006

200 4000 16.23  0.039 58.6 0.031 0.009
6000 25.50  0.040 58.8 0.016 0.010

8000 17.92 0.026 29.k 0.014 0.000

10000 16.84  0.024 11.2 0.001 0.00C

12000 17.4% 0.0kk 22.3 ~0.001 0.01k

13000 17.95 0.0ké 24.3 0.010 0.016

14000 19.79  0.027 49.8 -0.009 0.0CC

250 4000 18.81 0.045 6h.g 0.028 0.01%
8000 18.%0 ‘0.031 31.9 0.01k 0.cC1

10000 20.80  0.02h 21.9 ~0.001 0.00¢

11000 16.10 0.042 25.5 ~-0.012 0.012
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with low liquid and gas loads, the PF model is inapplicable either
in the project work or in the qualification of a running absorp-

tion column.

The ADPF Model

The Aey values,characteristic for the deviations between the
measured and calculated concentration data,are collected in Tables
2. and 3. Table 5. includes all the measured data, these show that
the deviation caused by the application of the ADPF model was not
higher than 0.01 in all the cases if Ac o ocurea = 0-03 is assumed.

The mean of the Ac values is approx. 0.007. Therefore it
measured .
can be stated that the ADPF model is suitable, between the inves-

tigated limits, for the description of the absorption column.

The appropriate (Bw) values calculated either on the basis
of the PF, or ADPF models do not agree numerically with each other.
The (Bw) values presented by the ADPF model are higher (Table 5.),
this can be attributed to the mixing phenomena which decrease the
efficiency of the column. The data show that the transfer coeffi-
clents related to the unit volume of the packing were ten or sixty
Per cent higher of the ADPF model was selected as the basis of the
Calculations instead of the PF model.

The deviations between the above discussed data reveals the
fact that care must be taken by the application of the data pub-
lished in literature. It is always recommended to check the mathe-

Matical model in which the-calculations are based.

USED SYMBOLS

L equilibrium concentration in the liguid phase (moles per

litre)
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H equilibrium constant {(dimensionless)

c; intercept of equilibrium straight line (moles per litre)
cq concentration in the gas phase (moles per litre)

e concentration in the liquid phase (moles per litre)
L liquid load (kilograms per sq.metre per hour)

G gas load (kilogréms per sq.metre per hour)

B feed (litres per hour)

x dimensionless concentration of the liquid phase

y dimensionless concentration of the gas phase

r density (mass per cu.metre)

t time (sec)

z co-ordinate

€ general transfer factor (metres per second)

w specific surface (sq.metres per cu.metre)

D mixing factor (sq.metres. per second)

st Stanton number (dimensionless)

8 mass transfer coefficient {(metres per second)

Z length of the packed column (metres)

v velocity (metres per second)

Hp hold up (dimensionless)

h deviation from average (per cent)

Ac mean deviation of the measured and calculated concentrations
Indexes

L liquid phase

G gas phase

in inlet
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piston flow model

D axial-dispersed plug-flow model
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PE3WME

Uenawh aBTOpOB ABAANOCH MHOFOCTOPOHHMEE HMAYYEHWE BOMPOCOS8, 803"
HWHWLKWX NPWM  MATEMATHYECHOM MOJAENMPOBAHKH HACA4O04HbX a6COopOUMOHHNE>
YCTEHOBOH,

B paBoTe onucaH 3HCNEpHMEHTANBHHK METO4, MPUMEHMMBIN K H3ME-
PEeHHI0 pPacnpeReneHMA HOHUEBHTPAUMM CHNSALBAKWErOCA B HACAZOYHOR HC
noxHe. [lony4eHHoe u3mepeHWA Gonn o6paboTansl HE OCHOBE MOABNH Tas
HA3LBAEMOr0 WMAEANBHOMO BHTECHEHHA W AUPGYIMOHHOM MOLENM, COLEPHA-
wen TaMwMe M ocesoe nepemewnBaHue,lonocTaBreHHE M3IMEPHHX pacnpeje-
NEHWH HKOHUEHTPpauyWW C BHYWCNAEHHBMW gaTamu MOHasano, Y4T0 AEBHCTBU-
TeNbHHE YCNOBWA NpW OBCTORTENLCTBAX ONWTa BO BCBW OGNACTH OMUCAaHE
AHGOY3UOHHON MORENLHN AOCTATOYHOHW TOYHOCTHG. Mogens “AeanusHOro 8u-
TECHEHMA RABNAEBTCRA NOAXO4AWEH MpM B0NEE WHTEMCHBHOM pewumMe paboTd,
HosdduumueHT nepepayvyd KOMNOHEHTaA Own ONpeAEReH Ha OCHoBe 00eux MO-
Aenen.Nlpy 3aTom Cc NomMoOwbl AWGGYINOHHOW MOABAM ObifiM MOAYyHEHE 3IHaWe-
HHAa (Bw) npumepHo Ha 20 - 60 % Bowe,4YeM NpW NOMOWM MOJEAM HABATNL"
HOr2 BHTECHEHWA.
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of the coupled processes by treating the entropy consuming and

entropy producing processes separately [10, 11, 121.

The aim of the present paper is the uniform energetic inter-

pretation of distillation based on non-equilibrium thermodynamics,

that may in the future be of assistance in the energetic improve-
ment of this operation, i.e. in the practical implementation of
the principles that could be initiated from thermodynamic conside-
rations. During the development of the principles given in this
paper the works of HASELDEN [13], TIMMERS [151, PRATT [161, FRAT-
SCHER [14], KING [17] and STUPIN [18] published in this field were

used, in addition to those mentioned earlier.

DISTILLATION COLUMN AS A FIRST DEGREE STEADY SYSTEM

Although the linearity of the integral expressions for the
transfer processes is questionable in the irreversible thermodyna-
mics, the linearity of the phenomenological equations will be as-
sumed in the mathematical treatment.This proved to be appropriate,
and it was possible to interpret the empirical data by the rela-
tionships that were derived. In general the entropy source density

in this theory is:
6 = T % :% (1)

Disregarding the relaxation processes, the function of ent-
ropy source density of a steady system with two variables, which

is of the first degree with regard to flux 1 is

o¢ ' )
— = (Ljp + L31)X; + 2 Lap¥Xp = 0 (2!
ax,

at the local minimum
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(Lyz + Lz1)
¢ = L;1X§[1 - —1 = L{1X%(1 - p?) (3)
b Ly1Lg2
where p is the coupling factor, i.e. the degree of the coupling

of the entropy processes.

In the case of distillation, the heat flow is flux 1, main-
tained by an X; driving force of constunt value due to an external
force, and flux 2 is the result.ng transfer component flow, which
is extinguished because of the ONSAGER relations {19]. In the pre-
sent case, the entropy produced by the heat transport of the co-
lumn is decreased by the entropy consuming process of the compo-

nent separation. The range of the coupling factor is

0<p<1 (s)

It is clear that at p = O the system is completely irrever-
sible, since ¢ = Llle i.e. only the entropy producing process ta-
kes place. If p = 1, ¢ = 0 i.e. the system is reversible, the ent-
ropy produced by the heat flow is completely consumed by the ent-

ropy consuming process of the component separation.

With respect to energetics in the case of distillation, it
should be ensured that the entropy produced by the heat transport
be utilized as completely as possible by the entropy consumption

of the component separation.

ENTROPY PRODUCTION OF HEAT TRANSPORT

Reversible Rectification

The realization of reversible distillation is well known [1,
2, 20, 21, 22, 23, 243, and will not be dealt with here.

The driving force of the heat flow is the change in the re-
tiprocal of the temperature. From RAOULT’s law and the CLAUSTUS-
~CLAPEYRON Equation can be derived:
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P= g Pi¥y
i
4P _ dx1 dpl
— =1 P; + T x. —— =0 {p = const.) (5)
aT i ar i S
dp. X.P» RT
1. 2L (y =o0;v, =—)(i=1,2, ...a) (6
aT rRr2 X ¥ 5
Assuming identical latent heats, Equations {(5) and (6) and the
dei = ¢ relation give the driving force of the heat flow:
i
i) -, N
aty = & ok o) ax (7
T A i

Assuming equilibrium at each level of the column,tn= component an:

mass balances give the vapour stream in the rectification zone as

1 X,
VY = ——— {1 - _lﬁ)

K. -1 X,
3 1

B {(i=1,2, ... n) (9!

(The values of V and V' can be given for any component and since
Ki = Ki(T,p,x), its value changes along the height of the column.:
The entropy production of the heat transport fcr the full height

of the column (flux x driving force) is

) 1 XiD N XiF 1 .

4= 1 Igap = vad(z) + vl (1¢
x x. N X.
iB iF iB

or by substituting Equations (7), (&), (i,
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X, X,
iD X;p iF X;in
Q=RD}:)' ( -1)dxi+RBZI(1- Jax,
1 Xy *3 1 Xis *3
n n n
- v -
’Q = R(D.)_: xp 1n x5 *+ B L Xjp 1n x;p F ); x;p 1n xiF) (11)
i=1 i=1 i=1

Since the entropy production of the heat transport given by
Equation 11 is equal to the entropy consumption in an isotherm-
-isobar separation of a mixture,known from thermodynamics (entropy
of mixing) [19], but with an opposite sign, so the overall entropy

source density is zero:

\
4 =6+ 8, =0 (12)

1}
-
.

and the coupling factor p

Adiabatic Rectification

Supposing a constant molar overflow, the entropy production
of the heat transport under adiabatic circumstances is

(R + 1) DATy - [(R +1) D+ (a - 1) FIaT,

’ =
Q
Tp T

(13)

It can be shown that . under adiabatic circumstances, the entropy
production is greater than in the reversible case even at the
Rmin value, i.e. in a column of infinite dimensions {11), since
the vapour stream along the entire height of the column is equal
to the minimum value of the vapour stream of the "greatest value".

The over-all entropy source density is:

$ = ’Q e, > [¢] (k)
and the coupling factor:

0 < |p| <1
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Squared Off Cascade, Thermally Coupled Distillation System

In the case of réversible rectification with the complete
elimination of the heavy key component in the enriching section,
the internal reflux ratio at level h (mth plate) of the column is:

(%) = Ry = SO T (15)
n v v
Since the value of the equilibrium ratio generally diminishes

upward in the column, - B is positive if the plates are numbered
dm
from the top down to the bottom:

L
a(s) D 4V 4R
b LA s (16)

dm vZ am dm
n

D and V are positive, so (dV/dm) must also be positive, thus the
vapour stream must grow downward in the column, that means a gra-
dual heat withdrawal along the enriching section. By a similar
treatment it can be shown that for the realization of a reversible
rectification, a gradual addition of heat is necessary in the
stripping section.

The gradual addition and withdrawal of heat are carried out
in practice by using squared off cascades [16, 25,27] or thermally
coupled distillation systems (1, 3, 26, 27]1. In these systems the
entropy production of the heat transport in rectification is less
than in the usual adiabatic case,its value, however, cannot attain
the value calculated by Equation (11), since the establishment of
a reversible rectification requires other conditions too [2u4] (for
instance infinite column sizes, first degree rectification, and a
zero pressure drop, etc.). The value of the coupling factor is
here:

o< |p| <1

(If p =0, i.e. only heat transport takes place and there is no
component separation and there is no rectification.]
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GENERAL THERMODYNAMIC EXPRESSION FOR THE DRIVING FORCE

In thermodynamics the number of transfer units can be defi-

ned in general as follows:

Ly aL, Sen as
Nterm = f = f —_— (17)
I % —_a%
S 52,

(Only the entropy consuming processes are dealt with.)

Gih g
a8,y = L ¥;p a(==7) = R Ly;p a Inygy
i T i
f g b4
G, G3 ¥
s* = Ly, (=32 _ ARy gy gn 2B (18)
ch : iD Tr Tg i iD yg
1 h h in

(The above inequalities are strictly valid only under small or mo-
derate pressures, in general fugacities should be written instead
of mole fractions in the above relations.)

Substituting, the number of thermodynamic transfer units in

the enriching section is:

i
Nyerm = yf N (19)
io L Yin in T/
i iD Yin

where ¥¥, is the equilibrium concentration calculated from the
Other phase. For the upper part of the column when the pure most

volatile component is the overhead product:

¥y Yy
Ah dlny Ah 4 1n y
lim (§, ) =g Zapt T TAn 7 Z T CAb (20)
term y yeh yA 1 yAh
[+] I e—
7gp * © Ao 7pq 1m Yan Y an

Yep * [¢]
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But in this case yzh - ¥pp = A* approaches zero, so Eq. (20) turns
into the number of diffusional transfer units as expressed by
CHILTON and COLBURN:

Yan ay,, Yan Wpn
gm her) G 2D ™
: -
yBD+O,A > 0 Ao Ah Yan Ao Ah Ah
Yop0s (21)
using the relationship:
* *
lim [1n (1 + —A—)] =4
YAn Yan

A%*>0

THERMODYNAMIC PLATE EFFICIENCY

If a rectification column is analyzed using the concept cf
the equilibrium stage, the thermodynamic plate efficiency, simi-

larly to the above derivation, is

N
N
T y.n ln ———
n = f‘.ﬂ = i 1D yi(N+l) (22)
term . v
L iN
N v Yip 1n ;——————
i i{N+1)
the N erp turns into the MURPHREE plate efficiency if pure compo-
nent A is obtained in the enriching section, and A% + 0
4 =+ 0
v 1n ——hN
. AD Ya(n+1) _ Yam = Ya(wel) 3)
lim (n ) = = n (2
term y* M .
4%>0 yp;>0 Yap 10 gt YAN T Ya(n+1)
8 +0 yop>0 YA(N+1)

The analysis of the entropy producing process of the heat trans-
port yields the thermal plate efficiency defined by STANDART [30]:
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' -
S8t Ly _ Vnfw - Vneafiyes * Tn% (24)
term |, *rx
Ly*  VREY - VneaByer * Tay

The expressions of the number of transfer units and plate effici-
ency in the stripping section can be interpreted thermodynamically

in a similar way.

ANALYSIS OF THE DYNAMIC BEHAVIOUR

A new method of analysis of dynamic behaviour is the analysis
of the entropy production. The GLANSDORF-PRIGOGINE principle [28]
can also be verified for discontinuous systems [23] (transfer
model). According to this theorem, the production of entropy is
at minimum in steady state which is stable with respect 1o inter-
nal changes. Since perturbations are moderated by time, the entro-

Py production decreases approaching the steady state:

<0 (25)

& s

For instance, assuming a disturbance of the steady state in
rectification caused by a change in the concentration difference
(Xi) while the temperature difference is kept at a constant value

{X; = const.):

Xy — Xp = X5 + 86X, (26)

the I, stream is

I = LpyXy + LpaXp = LpjXy + L2pXj + L228Xz = I + LaaéXe

Since in steady state 1, =0

I, = Lp8X; {(27)
and the diagonal elements of the matrix of the transport coeffi-

Clents are positive (Lpz > 0),

Ip = Lyp8X2 > O (28)
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so the §X; change in the driving force and the I, stream caused by

§X, are of the same sign.

and

square

The entropy production is

o = Li1X2 + 2 LypX (X} + 8X2) + Lpp(X) + 6X3)2 =

= 0lin v 2 T+ L2a(8X2)? = ¢n, 4 Lo2(8Xp)2

min

2 o -
Lyp(8X2) LERIE M

(29)

The increase in the entropy production is proportional to the

of the change in the driving force (change of the concent-

ration driving force). From the foregoing it is clear that the pur-

suit of the minimum entropy production can also be interpreted from

dynamic considerations.

USED SYMBOLS

molar mass stream of the bottom produét
molar mass stream of the overhead product
molar mass stream of the feed

free energy

enthalpy of the vapour

flow

equilibrium ratio

transport coefficient

molar liquid stream

the separation work of the ch

plate
number of thermodynamic transfer units

number of the diffusion tregmsfer units
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P total pressure

) vapour pressure

p coupling factor

q the liquid fraction of the feed

U the heat loss stream of the Nth plate

Ty the heat loss fraction of the vapour stream of the Nt plate
R reflux ratio

S entropy

T absolute temperature

t time

v molar vapour stream in the rectification section
v molar vapour stream in the stripping section

X driving force

8X change in the driving force

x liquid mole fraction

¥ vapour mole fraction

Yaw = Ya(w+1)

[} * .
TAR T Ya(w+1)
L4 entropy source density
A latent heat
Indices i

A.B,C... components

1k transport coefficient endices
i component index

n the number of components

the number of plate
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q relates to the heat transport

C relates to the component transport
m minimum value

h level of height

f liquid phase index

g vapour phase index

L equilibrium value

Relations are written in a dimensionless form, their homogeneity

should be ensured in substitutions.
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PE3mME

JecTunnAaunMs paccmaTpuMBaeTCR aBTOPOM, HaK CTAUWMOHApPHaR cucTe-
Ma nepsoro nNopagHa. C TOYHM 3pEHUR 3HEPreTUHM CTaBWMTCA Uenbid HC~
f0Nb30BaHUE HaMOOAbWEW 4HaCTW 3HTPONMHW, BHABMKAEMOW TpawcnopToM Ten-
na AN\ cenapauuH HOMNOHEeHTOoB. ONWCLBAWTCA BHPBMEHHA ANR BHYWMCNEHWA
NPpoOWM3B0ACTEE 3HTPOMNKK Tennofiepejad¥ 4NA pPEBEPCHBHONO W peanbHoOro
npouecca. Hauouey, coobwaeTCA TEPMOL4MHAMWYECHOE WMCTONHOBAHHWE LBH-

Mywen cund, 30PEeKTHBHOCTH QWHBMHYECHOrO MNOBEJEHWMA PEKTUOHHAUHM.
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As the physical properties of granules formed in
a fluidized bed with spraying of a binder are consid-
erably affected by the amount of the binder, it is im-
portant to know this effect from both theoretical and
practical points of view. The most important conclu-
sions on the effects of changes 1in the amount of the
binder, found in literature are summarized. The expe-
rimental set up, the methodology and the test methods
for the determination of the physical properties of
the granules are outlined. The results of the experi-
ments relating to the effects of the amount, concen-
tration and feed rate of the 1ligquid on the physical
properties of the granules are shown in the Figures.
The experimental results are evaluated and an equation
is given for the caleculation of the average particle
size of the granules.

Granulation is one of the most important processes in many
production lines. On the one hand, the granules formed can be
used as raw materials for further processes, €.g. for pressing ir
the pharmaceutical and plastic industries, and for melting irn the
glass industry, etc., and on the other hand granules can be the
final product of a process line, for instance 1in the cases of
fertilizers, plastics, detergents, insectirides, pharmaceuticals

in capsules, and products of the food indu: try, etc.



308 Z. Ormés, K. Pataki and B. Csukés Vol. 1.

Granulation is differently defined by various authors [1, 2].
The term '"granulation" is used here to mean the grain forming
processes in which from a heap of material consisting of small
particles, a heap. of material that contains greater particles
(granules) is formed without a change in the state of most of the
solid phase. The particle size distribution of the granules formed
Ly these processes is within relatively narrow limits, but the di-
mensions of the granules are never so homogeneous as those of tab-

lets, dragees or briquets.

In the last decade, granulation in a fluidized bed became
mere and more widespread. Granulation in a fluidized bed can be
realized in many ways, but that of spraying a binder into the bed
is of considerable importance primarily in the pharmaceutical in-
dustries, although in recent years it was adopted in other branches
of industry (e.g. the granulation of detergents, fertilizers, and
foodstuffs etc.). Granulation in a fluidized bed with the spraying
of a binder into the bed and the apparatus suitable for its reali-

zation were reported in several papers [3, 4, 5, 6, 7, 8, etc.].

The point of granulation in a fluidized bed with spraying is
that a liquid material (e.g. solvent) c¢r a solution, melt or sus-
pension of a binder is atomized into the fluidized bed of the par-
ticles to be granulated. During this process the mixing, wetting,
agglomeration of the particles and the elimination of the solvent
content of the granules (drying) or the solidification of the
liquid phase in the granules (for instance by setting or by a che-
mical reaction) take place. The physical properties of granules
formed in a fluidized bed with the spraying a binder into the bed
are determined by the following independent variables:

a) operational parameters

- the quality, the mean particle size, the particle size distribu-
tion and the specific surface area of the substance to be granu-
lated;

- the quality of the binder;

- the physical properties, the concentration and the relative

quantity of the granulating liquid;
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b) process parameters

- the feed rate of the wetting liquid;

- the expansion of the fluidized bed;

-~ the ratio of the minimum bed height and the diameter of the bed;
- the extent of the break-up of the granulating liquid;

- the temperature of the fluidizing air at the inlet;

c) the parameters of the apparatus

- the quality of the air distributor plate that supports the bed;
- the shape of the body of the granulator;

- the distance between the atomizer and the distributor plate.

The flow rate of the air ensures the fluidized state is not
included since the mean particle size of the granules steadily in-
creases in a batch process, hence to maintain a given bed expan-
sion and an approximately uniform motion of particles it is neces-
sary to continuously increase the flow rate of the air.That means
that the gas flow rate is a dependent variable if bed expansion is

constrained.

With regard to the operational and process parameters of
granulation in a fluidized bed with spraying, here the effects of
the amount, feed rate and concentration of the granulating liquid

on the physical properties of the granules will be dealt with.

When solving a particular granulation in a fluidized bed
with +the spraying of a binder, after the selection of the appro-
priate binder several questions have to be answered. What should
be the concentration of the binder in the granulating liguid, what
amount of this liquid is needed tc attain the required particle
size and what feed rate shcould be applied feor the iniection

the bed? To determine the optimum values of the paramet

mentioned experiments are needed in almost every case.
the rnumber of these experiments can be reduced if core knows the
effects of the various parameters on the physical characteristics

cf the granules. These questions were aiready Zealt with by seve-

ral authors [4, 7, 9, 1C, 11] ard their r=levant

summarized.
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An increase in the amount of the granulating liquid - that
means in the case of a constant feed rate an increase in the du-
ration of spraying - at first causes an increase in the mean size
of the granules, but later on the growth rate diminishes and an
equilibrium emerges [4, 9]. This is caused by the fact that two
opposite processes take place simultaneously: a build-up and a
break-up and after a certain point agglomeration is offset by at-
trition effects. MUBUS [9] studied the change of the particle size
distribution of the granules formed as an addition to the mean
particle size, and found that by increasing the amount of the gra-
nulating liquid the particle size distribution diminishes and
later this distribution parameter acquires a constant value in a

similar manner to the mean size.

The results on the effect of the feed rate of the granulating
liquid on the physical properties of the granules are evaluated in
literature by two different methods. RANKELL and co-workers [41
studied the effect of the feed rate of the granulating liquid by
increasing the feed rate while keeping +the duration of the
spraying at a constant value. Hence an increased feed rate also
means a greater amount of granulating liquid. They found that the
mean particle size of the granules increases linearly with the in-
crease of the feed rate. This conclusion is supported by the in-
vestigation of MUBUS [9] who in addition found that the increase
of the feed rate of the granulating liquid also increases the de-
viation of the particle size distribution. DAVIES and GLOOR [101
studied the effect of the feed rate by varying the feed rate of
the granulating liquid while the amount of the latter ' was kept at
a constant value. They found that the increase in the feed rate of
the liquid somewhat increased the mean particle size and the wear
resistance, bulk density and rollingness of the granules improved.
However, it must be stated that these changes are not important
except in the case of the mechanical strength.

Several authors referred to the effect of the change of the
concentration of the granulating liquid on the physical properties

of the granules formed [4, 7, 9, 111].



[

1973

f111
iing liquid
ses of four different
granulating liquid
increase of the concentration of the granulating liquid,

size

Studiez on Granulation in a Fluidized Bed I1.

w
b

Emphasis should be placed on the results of DAVIES and GLOOR

who studied the effect of the

and the wear resistance of the granules increase.

binders,

at a constant value.

concentration of the granula-

on the physical properties of the granules in the ca-

while keeping the amount of the
They found that with the
the mean

The trend

of the changes is nearly the same, but there are major differences

in the numerical values in the cases of the different binders.

THE EXPERIMENTAL APPARATUS AND THE METHOD OF THE EXPERIMENTS

H OW @O~ O\ W o

Fig. 1
fluidization apparsatus
fluidized bed
underplate
flow meter
preheater
toroidal transformer
cyclone
thermometers
thermostated tank
pump
nozzle

A schematic drawing of the

set up used in the experiments on
the granulation in a fluidized bed
is shown in Fig. 1. The main part
of the apparatus is the 0.3 m long
granulator of 0.11 metre I.D. The
fluidized bed is upheld and air is
evenly distributed by the
distributor plate (3). The

the coni-

porous
glass
main air stream enters
cal-cylindrical bottom under the
*low meter (4) and
(5). The

temperature of the air at the in-

plate via the

the electric preheater
let is controlled by the variable
is checked by

(8. The air

transformer (6) and
the thermometer

leaves the granulator via the cyc~
lone (7) and 1its temperature is
measured by the thermometer (8).
The granulating liquid is fed into
(11) from the thermos-

(9) by the

the nozzle

tated tani: pump (10).
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The amount of the air fed into the nozzle can be measured by the

flow meter (4).

In the experiments, the raw material to be granulated was
preheated by a hot air stream, and the quantity and temperature of
the air were adjusted according to the fluidization properties of
the raw material. After the temperature of the air at the outlet
attained a given constant value,the atomization of the granulating
liquid was started with a given feed rate. Owing to the wetting
the particles agglomerate, hence their particle size steadily in-
creases. The minimum fluidization velocity also increases. There-,
fore, to maintain the same bed expansion and motion of particles,
the gas velocity must continuously become greater. Accordingly,
the amount of air that ensures the fluid state was increased in
accordance with the progress of the agglomeration. Having fed the
planned amount of granulating liquid, the product was dried by
maintaining the fluid state for a while and after that the physi-

cal properties of the product were determined.

As raw material the 0.1 - 0.2 millimetre fraction of quartz
sand of a real density of p = 2630 kilograms per cubic metre, rol-
lingness coefficient [12] of ¢ = 0.59 and a minimum fluidization
velocity of u% = 0.027 metre per second were used. The granulating
liquids were aqueous gelatine solutions of different concentra-
tions. In the experiments dealt with here not only the dimensions
of the apparatus,the raw material and the binder, but the relative
expansion of the bed, the mass of the raw material, the temperatu-
re of the air at the inlet and the distance of the nozzle from the

underplate were constant.

TEST METHODS FOR THE DETERMINATION OF THE PHYSICAL PROPERTIES OF
THE GRANULES

In the fcllowing the test and calculating methods used for
the determinatiocn of the physical properties of the granules for-
med in the experiments are summarized. The test methods were de-

tailed in the firs: paper of this series [12].
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a) The Determination of the Particle Size Distribution and of the

Average Particle Size

The particle size distribution was determined by sieve ana-
lysis. The granules were separated into the following fractions
by a ten-minute sieving with a vibration sieve (VEB Kombinat Me-
dizin und Labortechnik, Typ: Thvr 1, Made in Leipzig GDR):

(0.1 - 0.2)x1073 m; (0.2 - 0.4)x1073 m; (0.4 - 0.6)x1073 m;
(0.6 - 1.0)x1073 m; (1.0 - 2.0)x1073 m; (2.0 - 4.0)x107> m;

and above k.0x10™3 metre.

The results of the sieve analysis obtained in weight per
cent were also converted into vol. per cent - within the size li-
mits of (0.1 - 2.0)x1073
sity of each fraction. The mean particle size was calculated on

metre - by the help of the particle den-

the basis of the vol. per cent composition [12].

b) The Determination of the Porosity

The minimum bed height (Ym) of known amounts of average
samples of the fractions separated by the sieve analysis was de-
termined in the manner described in the first paper of this series

[12]. Then the minimum void fraction was calculated as follows:

- _m p F (1)

Y
m

The porosity of each fraction can be obtained with these void

1]
€m2
fractions according to the following equation [12]:

€, = 2.2(el, - 0.55) (2)

For the determination of the volumetric percentage particle dis-

tribution, the average granule density of the fractions has to be
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known which can be simply calculated with the porosities of the
fractions:

Peg = (1 - ep)p (3)

In this way the porosity and the particle density were de-

termined for each fraction and with the vol. per cent composition

of the fractions the average porosity and the average particle

density were calculated.

c) The Determination of Wear Resistance

The wear resistance of the granules was determined by abra-
sion in a fluidized bed under standard circumstances [12]. A given
amount of the (0.14—0.6)><10'3 metre fraction of the bulk to be in-
vestigated (Ym/D = 1) was charged in a 0.04 metre diameter glass
fluidization apparatus having a fritted glass distributor plate,
after which the apparatus was closed at the top by a sieve. The
particles were kept in fluidized state for ten minutes at a bed

expansion of 3 times. After wearing the samples were sieved on a

O.uxlO_3 metre sieve. The wear resistance was calculated as fol-
lows [12]:
Glll
K, = q . 100 (%)

EXPERIMENTAL RESULTS

The physical properties of granules formed by granulation in
a fluidized bed with spraying are affected by many parameters. If
a given experiment is repeated even with the utmost care the phy-
sical properties of the granules generally are not identical,since

it is extremely difficult to maintain the numerous operational and
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process parameters at steady values.Therefore, it is indispensable

to investigate the repeatability of the experimental results.

a) The Repeatability of the Experimental Results

The repeatability of the experimental results was determined
on the, basis of ten parallel experiments. Relying upon the preli-
minary experiments, the mean parameter values were chosen for the
experimental circumstances. These and the average values,and the
deviation of the most important physical properties of the granu-

les formed are given in Table 1.

Table 1

V!'/V = 20 vol. per cent ¢! = 60 kg/m3

W' = 5.9x107° kg/sec e, = 0.45 w.%

The characteristics Average Deviation
of the granules values + (%)
, £ od - 105 (m)

g @

ogo 0.1-0.2 6.6 17.2
o3k 0.2-0.4 26.8 11.3
Sa ™ 0.k-0.6 25.8 7.7
- O .

tad 0.6-1.0 26.3 15.5
& " 1.0-2.0 14.5 23.4
d - 103 (n) 0.6k 6.5
e (~) 0.38 3.0
Y (kg/ma) 811 L.2
o, (kg/m’) 8L0 5.1
by (kg/m®) 1059 3.4
® (~) 0.52 5.0
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The loosened, apparent and compacted bulk densities and the
rollingness coefficients were determined as described in the first
paper of this series [7]. The deviation was calculated as

where X is some property of the granules, n is the number of the
determinations and X is the arithmetic mean of the results of pa-
rallel measurements. Table 1 shows that with respect to the par-
ticle composition the deviation of the experiments is significant,
therefore in all cases three parallel experiments were carried out
and the Figures given show the effects of various parameters,
every dot corresponds to the average value of three parallel expe-

riments.

b) The Effect of the Amount and the Feed Rate of the Granulating
Liquid on the Physical Properties of the Granules

In a considerable part of our investigations - in about 90
experiments - the effects of the relative quantity and feed rate
of the granulating liquid on the physical properties of the granu-
les were investigated. To know the effects of these two variables
is important from both the theoretical and practical points of
view. The granulating liquid in these experiments was an aqueous
gelatine solution of a concentration of ¢’ = 60 kilograms per
cubic metre. The relative amount of the granulating liquid was va-
ried within the 0 - 30 vol. per cent range at five different feed
rates. The relative quantity of the granulating liquid was related
to the overall volume of the particles +to be granulated (the par-
ticle volume of the sand +to be granulated was 3OO><10_6 cubic
metre). At a constant feed rate the charge of a greater amount of
the granulating liquid requires a longer period of time, thus as
the relative quantity of the granulating iiquid increases the du-
ration of the granulation (t') and the average binder content of

the particles (Eg) also increases.
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In Fig. 2 the
average particle
size. (d) is given
as a function of
the relative quan-
tity of the granu-
lating liquid. When
the relative amount
of the 1liquid was
increased from 5
vol. per cent, the
average particle
size increases by
about  two times.
Since a build-up
granulation takes
place, the increase
of the average par-
ticle size also ca-
uses an increase in
the average porosi-
ty of the particles
(Ep), as shown in
Fig. 3.

In many res-
pects the amount of
the particles that
were not granulated
is an important in-
dicator. In Fig. u
the relative amount
of the initial par-
ticle fraction (in
weight per cent) is
plotted against the
relative amount on
the sprayed binder

solution-
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The effect of
the relative quan-
tity of the granu-
lating 1liquid upon
the particle size
distribution of the
formed granules is
shown in Fig.5. The
cummulative sieve
residue values are
plotted in a log-
normal diagram. It
was found that the
particle size dis-
tribution of the
granules formed in
a fluidized bed
with spraying can
be approximated
well by a logarith-
mic normal distri-

bution function.

At three dif-
ferent  values of
the relative amount
of +the granulating
liquid, the change
of the binder con-
centration was in-
vestigated as a
function of the
size of the granu-
les. In Fig. 6 the
binder content of
the different frac-
tions 1is plotted

weight %
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against the overall weight of
the dry material. At first the
binder content of the granules
increases with the growth of
the particle size, but abuve
an average particle size of
0.5x107°

almost constant level. This

metre it aproaches an

agrees well with the statement
described in our previous pa-
per [12] that the wear resis-
tance of the granules is ap-
proximately the same above the
(O.h—o.6)><lo‘3 metre particle
size.There is an approximately
linear relation between the
greater average binder content
that prevails with the greater
guantity of the liquid and the
wear resistance as shown in

Fig. 7.

It was found

80

704

®+

that the increase of
the feed rate - with-
in the studied inter-
val - had only a
slight effect on the
average size,average

porosity, and the
particle size distri-
buticr o©f the formed

granules,provided thre

amount of the

[

overai

Fig. 7.
~ V'/V changes (c'

+
-

at
<

T

0.6
C

wt = 5.9x16_5 kg/sec

changes

(v /v

60 kg/m3)
20 vol.%)

T

q(weight %)

————— e .

U .
0.9 tiquid sprayec in did

not change. However,
even 1in this case,
some tendencies can

pe feound,for Instance
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in Figs. 2 and 3 it is 1
shown that the increase
of the feed rate ;; 10
generally somewhat de- o 20 ﬁ
creases the average 53
particle size and the 40
average porosity, but 60
these tendencies are 80
not so clean-cut and 90 g
firm as those found 95
in the case of the
relative amount of 99
0.1 0.2 0.4 0.6 1.0 1.5

the granulating liquid.
This is also supported. filyligll_.
in Fig. 8 where the par- .. g yi/ys00 vol.#; e-w'=2.5x10-5 ke/sec
ticle size distribution 0-w'=5.9%x107° kg/sec; +—w'=9.2><10"5 kg/sec
of the granules formed

with the least, average and greatest feed are plotted in a lognor-
mal diagram. The points fall fairly well along a straight line
that indicates that the particle size distribution is nearly iden-

tical.

c) The Effect of the Concentration of the Granulating Liquid and
of the Amount of the Binder on the Physical Properties of the

Granules

In the next series of experiments the main variable was the
concentration of the granulating liquid. The difference between
the series of experiments was that in the first one the relative
amount of the binder related to the bed weight was kept at a con-
stant value despite the change in the concentration of the granu-
lating liquid, whereas in the second one the amount of the binder
also changed with the variation of the concentration. The concent-

ration was varied in the 20 - 120 kilograms per cubic metre range.
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The change of the
concentration of the
granulating liquid when
the amount of the bind-

kept
level does not
affect the

size and poro-

er is at a ron-
stant
strongly
average

of the

formed - at least with-

sity granules
in the studied concent-
ration range. In Fig. §
the average size is
plotted against the
concentration. However,
the constant value of
the average size does
not unequivocally mean

that the particle con-

tent of the bulk is unchanged. In Fig.l10 the amount of the partic-

les that were not granulated’'is shown as a function of the liquid

concentration.

ticles

lograms per cubic metre.
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not granulated increases above the concentration of 60 ki-
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relative amount of the par-~

When the granula-
tion is carried out
with the same amount of
granulating liguid of
different concentrati-
ons, the average par-~
ticle sive and the ave-
rage porosity increases
with an increase in the
concentration since in

this case the overall

quantity c¢f the binder

5

is proportional to the
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concentration. The effect of the concentration of the 1liquid on

the average particle size is also shown for this case in Fig. 9.

When the concentra-

. 0
tion of the granulating

4
liquid - that is the L]
amount of the binder -
2

is increased, the amount

weight %

of the starting particle °

fraction approaches a .

lower 1limit as shown in * . .
Fig. 11. If the amount

of the binder is in- T T '
creased by raising the 40 80 c'(kg/miio

binder concentration -
while injecting the same Fig. 11. 4 = (0.1—0.2)x10-3 -

amount of granulating V'/V = 20 vol.%; w' = 5.9x10"5

kg/sec
liquid - the wear resis-
tance of the granules increases almost linearly, although at great

concentrations it approaches an upper limit (see Fig. 7).

DISCUSSION

In the following section conclusions are drawn from the ex-
perimental results and wherever it is possible, comparisons are

made with the results of other researchers.

The average size of the granules can effectively be enlarged
by an increase in the relative quantity of the granulating 1liquid
(Fig. 2). This increase is nearly linear at smaller feed rates,
while at the two greatest feed rates it was found that after a
certain point the growth of the particles is offset by wear ef-
fects and the growth rate diminishes. Several authors reported
that after a certain time this latter effect totally compensates
for the build-up, and a further addition of the 1liquid does not

have any effect on the average size [9].
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The wear resistance of the granules formed determines the
value at which this equilibrium state is attained. If quartz sand
is granulated with gelatine solutions, granules of high wear re-
sistance are formed, therefore the equilibrium was not reached in
the experiments dealt with here.

In build-up granulation the growth of the particle size also
causes an increase in the average porosity of the particles. The
porosity values show that granules mainly grow by a gradual build-
-up, since in the case of the linking up of granules the porosi-
ties should have been greater than the measured values of about 50

vol. per cent.

In most cases the primary function of granulation is to form
a fraction of a given size range in the greatest quantity possible
or that the amount of the powder not granulated should be the
least possible in the final product. In Fig. 4 it is shown that
above the 20 vol. per cent relative liquid quantity the decrease
of the amount of the particles not granulated slows down and a
further addition of the granulating liquid is unnecessary or it is
reasonable only if the wear resistance of the granules is to be
increased. From Fig. 7 it is obvious that the wear resistance of
the granules - within the studied interval - steadily increases

with the relative quantity of the granulating liquid.

1f the feed rate of the granulating liquid is increased, the
average particle size and the average porosity slightly diminish
within the studied range of feed rate. This is inconsistent with
the findings of DAVIES and GLOOR [10] that the size of the granu-
les increases with the feed rate of the granulating liquid. The
"significance of this contradiction is considerably reduced by the
fact that the changes found are slight in either case. The feed
rate of the granulating liquid mainly affects the strength of the
granules and the distribution of the binder in the particle frac-
tions. These changes and the calculating method of the equilibrium
and maximum feed rates of the granulating liquid will be dealt

with in the next paper of this series in detail.

The experiments carried out to study the effect of the cen-

centration of the granulating liquid showed that the optimum con-
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centration of the gelatine solution was between 60-80 kilograms
per cubic metre. Above this value the amount of the raw material
that was not granulated grew if the amount of the binder was kept
at a constant value (Fig. 10). The same optimum concentration is
found in Fig. 11, where it is shown that the amount of the partic-
les not granulated decreases up to a concentration of 60-80 kilo-
grams per cubic metre, but later it does not change considerably
despite the greater amount of the binder. This can be caused by
the fact that together with the concentration, the viscosity of
the solution also increases and after a certain limit deteriorates
the atomization of the liquid. The average size of *he granules i;
not considerably influenced by the concentration of the granulat-
ing liquid, provided the overall quantity of the binder is kept at
a constant value (Fig. 9). When the liquid concentration is incre-
ased while keeping the relative amount of the granulating liquid
at a constant level, the average particle size grows almost line-
arly, since in this case the greater concentration also means a
greater amount of binder (Fig. 9). This conclusion is in agreement
with the results of the experiments of DAVIES and GLOOR [111] car-

ried out with gelatine as a binder.

Our conclusions can be summarized on the basis of Fig. 2 and

3 where it 1s obvious that the mean size of the granules is mainly

determined by the overall amount of the binder, independently of

the relative amount, feed rate and concentration of the granula-

ting liquid, at least in the studied interval. Relying upon the
experimental results the following equation was derived

i =a St (51

b ovppr 2

The values of the constants for the studied model system were
determined by a least square fitting method, and it was found that
a, = 6.2x10°° metre, a, = 3xlo_h metre. The difference® betweern
the average particle sizes calculated by Eq. 5 wusing the above

values of the constants and the measured ones are plotted against
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SYMBOLS USED

constant (metre)

constant {metre)

further experiments that will be

the measured average
particle sizes in Fig.
12. The relative dif~
ferences between the
measured and calcula-
ted values were less
than + 10 per cent in

most cases.

The dependence

of the constants a;
and a, in Eq. 5 on the
physical properties of
the binder and the
granulating liquid was
dealt with in a sub-

the concentration of the granulating liquid (kilograms per

cubic metre)

the binder content of the granulating liquid (weight per cent)

the average binder content of the granules (weight per cent)

the diameter of the apparatus (metre)

particle size (metre)

average particle size (metre)

the cross section of the apparatus (sgq. metre)

the mass of the fraction charged in (kilogram)
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the mass of the sieve residue (kilogram)

wear resistance (per cent)

sieve residue (vol. per cent)

air temperature at the inlet (degree centigrade)
the duration of the spraying (second)

ninimum fluidizatien velocity (metres per second)

overall volume of the particles to be granulated (cubic

metre )

the volume of the granulating liquid (cubic metre)

the relative amount of the granulating liquid (vol. per
cent)

the feed rate of the granulating liquid (kilograms per se-

cond)
bed height (metre)
minimum bed height (metre)
bed expansion coefficient (dimensionless)
the distance between the atomizer and the underplate (metre)
minimum veid fraction (dimensionless)
the porosity of granules (dimensionless)
average porosity (dimensionless)
real density (kilograms per cubic metre)
locsened bulk density (kilograms per cubic metre)
apparent bulk density (kilograms per cubic metre)
compacted bulk density (kilograms per cubic metre)
granule cdensity (xilograms per cubic metre)
average granulie denrsity (kilograms per cubic metre)

nulating ligquid (kilograms per cubic

the censity
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o deviation
9 rollingness coefficient (dimensionless)
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P E3IME

Mpu rpaHynfuMK B pacnuiWMTRABHO-NCEBA0OMHMMEHHOM C/N0E8 HONW4ec-
TBO CBASYNIErQ BEUWEBCTBE WMEET 3HAYWMTENLHOE BIMAHHME Ha (PH3IHYBCHUE
CBROMCTBA OBPa3yWHIUMXCH paHyn, NO3TOMYy 3HaBHWE 3TOr0 BAHAHHKA BamHo
C MPaHTHYECHOMN M HAy4HOM TOYHM 3peHHA. ABTOpPH HOPOTHO paccMmaTpusa-
0T BAMHENWHE YCNOBWA CBA3AHHBE C BNMAHWEM H3MEHBHWRA HONM4ecTea
CBA3yWero BeWecTea, HaWQEHHwEe B AuTepaTtype. OnucuwBawTca 3HCMepu-
MeHTaNbHL annapar W MeTo4s OnpefeneHdA (U3WYECHUX CBOWCTE rpaHyn.
3HCNEPHUMEHTANLHEE [AHHHE, BHPAMAWWHE BJIMRHWEB HONWYECTBA W HOHUBHT-
pAlKMH, a TAHKE CHOPOCTH NOJANHM MpaHynHpylwed MHAKOCTH Ha  (u3Mvec-
KWe CBOWNCTBA rpaHyn, NPeacTaBiAKRTCA B Tabnvuax M Ha PHUCYHHAX. 3KC-
NEePHUMEHTANbHLE [OaHHHE OLUBHWBAWTCA asTOpPaMM M LAWTCA COOTHOWEBHMA

ANR BLYWCNEBHWR CpeAHErsc AgdavMeTtpa rpaHyn.
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In order to give a theoretical treatment of the
mixing process, the formula describing the increase in
entropy of the mixing of ideal gases has been genera-
lized and the properties of the quantity thus obtained
are dealt with. The entropy of mixing seems to be
adequate to serve as a quantitative indication of the
degree of permixing.

The second part of this paper reviews the prac-
tical application on a simplified fluid mechanical mo-
del.

INTRODUCTION

Numerous problems were encountered in the Research Institute
for Technical Chemistry of the Hungarian Academy of Sciences in
which mixing was an important or even central problem. In the sur-
veyed literature it was found that the papers can Le devided intoc
two groups. 1In one group, mixing is of central intereszt, but en-
tropy is not mentioned at all. The remainder of the papers i
those which deal with entropy, but without mentioning its applica
tion in connection with the question of mixing [1]. It alsc bec
apparent during these studies that two types of state parameters

ame

are necessary for the description of the mixing process:
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1. a quantity showing how intensive the mixing process is,
and how fast it is, etc. This is a state parameter of

intensive type;

2. a quantity showing what changes occur during the mixing
operation, i1.e. the degree of permixing. This is a state
parameter of extensive type.

Undoubtedly a certain degree of arbitrariness cannot be
avoided in selecting the quantities of the two types; however,
qualitative properties can be stated in connection with both types
of state parameters. Such qualitative properties, in the case of

the quantity mentioned under 1. are the following:

a) In a domain being mixed, the rate of mixing is certainly
different in the various space elements, and consequently, this

type of state parameter must be one of the l o ¢ a 1 type.

b) If the rate of mixing is the same everywhere (homogenous
space), the state parameter should be greater if the material is

mixed faster and smaller 1f the mixing is slower:

The qualitative properties of the state parameter described

under 2. are the following:

a) The degree f permixing is characteristic of a whole do-
ne

o
main and is a xtensive measure.

b) The degree of permixing should “be higher if the material
distributicn 1s more uniform and lower if the material is

more 1nhomogeneous.

For example, a quantity of type 1. may be the current densi-

ty vector of the material to be homogenized or mixed.

A quantity of type 2. may be some guantity that is a
monotonic functicrn o¢f the deviation from the uniform concentra-
tion.

In the author’s thesis, a quantity has been proposed for the
characterizat tne degree of permixing.

fined by an i formula obtained by the gereraliz

entrcpy of m f ideal gases, f the deomain to be mi
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set of single connection and measurable. The density of the sub-
stance to be mixed is taken as p'(r,t). In this case, if the total
mass present in the domain is denoted by M, the quantity: 9% =

= p(r,t) represents the probability density of an individual par-
ticle, selected at random, of the substance. On the basis of the

latter function, the quantity can be defined:

s =~/ o 1n (pAV)dv; s = LLQ—%M (1)
(v) in v

y 1is the density of the substance being permixed, andl:

AV =

==

AV is, according to its meaning, the minimum volume in which the

substance to be permixed is present.
As to s, it can be shown that:
1. 0 < s < s
m

where Sh is the value of maximum entropy:

if the distribution is such that the substance tc be permired
and the carrier substance are perfectly separated from each
other, thus:

s =0

These properties offer a reason for using the guantity s for

the measurement of the degree of permixing. It would

lThe introduction of AV is not only a guestion o
c

dimension and zero point,but also that of zhoi
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preferable to show that s 4is in a monotonic connection with the
uniformity of distribution. However, this was shown only for a
special case, numerically, i.e. for the case of a normal distribu-
tion. It was found that in such a case there is a monotonic con-
nection between s and the scattering of the distribution:

CERN

do

1. GENERALIZATION OF THE ENTROPY OF MIXING IN THE CASE OF MORE
THAN ONE SUBSTANCE BEING MIXED

Formula (1) can also be generalized if it is not one single
substance whose degree of permixing is to be determined. Let us
suppose that a number n of substances to be mixed are present in a
domain V, each of them in a certain distribution, and let the den-

sity of the ith mixed substance be pi(r,t) i=1, 2, ..., n; in

this case if Mi is the total mass of the ith substance in the do-

main, the formula:

he)
Hem

=

i
is the probability density distribution of an individual particle

-th

of the 1 substance, selected at random.

The following generalization of Fermula (1) will now be con-

sidered:

s=-f J...J] (p1p2---p_) 1n (AV1p1AVop2..AV_p_)dVidVy ... av_ {2)
(V)(V) (V) 1P2 pn 1P1 2F2 nfn n

(n)

Equation (2) can be transformed by the known functional equa-

tion of logarithm:

n
in (AVipy --- sp V) = T 1n AV op, (3)
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By substituting Eq. {(3) into Eq. (2) we obtain:

s = Zé)(éilfé)(plpz."p") 1n (AVyey...AV p ) aviavy...av =
n
= ~f J...f z (9192'-'9n) 1n (AVipi)dvldVZ . an =

(v){v) (v) i=1

n

-2 J f...f (p1pg--.0_) 1n (AV.p.)avVidVy ... 4V (4)
i=1 (V) (V) (V) " ol "
The integrals under the sign J can now be solved by trans-
formation to multiple integrals, since the factors, which do not

contain Vi’ can be factored out of the integral according to Vi:

——L f f...J [flp1po.-.p_)1In(AV.p.)dV. 1dV,dV,..daV, 4V, . ..dV =
i=1 (V)(V) (V) (V) n i"1i i i-17 i+l n
; ]
= -J .J Lpye P P4y efy L S In{avie.)av.d-
(V)(V (V) 1P2- i~171i+1 n i=1 (V) i1 i
(n-1)
< dVydVy ... AV, LAV ... AV (5)

As a result of these transformations, the quantity si is

gained in an explicit form:

s; = —(,é)(pi ln (AViDi)) dVi (6)

s; is independent on the other variables, and can be facto-
red out from under the integrals. Accordingly, calculatien (5) can

be continued:

n
- Ls Joool (p1paeeapy 1051 00P,)
i=1 (V)(V) (v B
(n-1)
r A T
£ AV dVy ... dV, L@V L. ... dv

The integral can again be resolved to a multiple integral:
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n
S =-Xs. f
= v

p1dVy J podVa... f 0. av. J 0. av. oo [ p_av
¢ (v)

) (v)y Tt
The values of the individual volume integrals are all unity,

since the densities are normalized:

(f)pidvl =1 (8)
v

and as a result we obtain:

n

n
S = s, (9)

that is to say, 1if S - as defined by Equation (2) - 1is regarded
as the degree of permixing when a number of substances are simul-
taneously mixed, the additivity theorem is valid: the degree of
permixing, when mixing a number of substances, 1is the algebraic
sum of the various degrees of permixing.

It can be seen by a short calculation that the maximum pro-
perty shown for s in 1. also holds for S, i.e. S is the functional
of the functions op;, P2, ... Pt

S =8 [pl, P2y .- On] (lO)

ilowever, on the basis of formula (9):

=1

a
1

si[pi] (11)

S [0102...p ]l =
n
1

W

i

Consequently, if S is varied according to the variables of Py and

the condition of the extreme value is found, we arrive at:

§S = 0 (12)

If the supplementary condition is included into the method of va-

riation, the following eguation is obtained:

[N agie}

6si[p;] =90 (13)

i=1
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The G functions can be varied independently, and consequen-

tly:

[l e 3~

lési[pi] =0 > 6s,[p;1=0 (1k4)

i

However, the second Equation in (14) involves uniform dis-
tribution as a condition. It is apparent that the maximum value of
S according to (9) is not unity. If S is divided with maximal va-

lues of the sum of s,-s S will be normalized to unity.

In order to comprehend this, let us consider the quantity:

s; = -(é)pi in (AVpi) av (135)
. . S
Since: Py 2 0
and
o, € ——
Ay
consequently:
in (AVpi) <0
and thus:
s. 2 0O
1
The maximum value of (15), with the complementary cordition:
/ pidV = 1 (1€}
(v)
can be determined by variation calculus. The task 1s to determire

the extreme value of:
= - ) ot
¢ = JL- o5 1n {aVo,) + a91] v
The Euler-equation is:

39 _ 0
9p
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where

® = -p; In (aVp.) + ap, (18)
With the substitution of (18), (17) becomes:
- 1n AV -(1n oyt 1) +a =0

=e—(ln AV - 1 -~ a)

Py (19)

i.e. we have a uniform distribution which is independent of the

space co-ordinates.

The extreme value condition (16) determines a:

e-(ln AV - 1 - qa)

v =1

a = - 1n ¥V

{ln AV =1 - @) = 1n V

a = 1n AV 1

v

Substituting back into (19):

(15) becomes:

XA
v

<
<=

s, = - % / 1n (20)

i
The property mentioned under (1) has hereby been proven. At
the same time, it has also been shown on the basis of (1lu%) that S

has its maximum at:

1 .
Py =5 i=1, 2, ,
whose value is:
n AVi
Sy = - L1
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Accordingly, S is not normalized to 1 and its maximum value is SM’

0<s s SM

2. CALCULATION OF THE ENTROPY OF MIXING IN A GENERAL CASE

It is sufficient to show the entropy determination for a
single mixed component; if there are more components, the same
differential equation is valid on the basis of the same considera-
tion for all of the components as in the case of a single compo-

nent.

The system of equations, valid for the process of mixing, is

the following:

1. The equation of the conservation of mass:

8P 4 giv (pv - D, grad p) = O (21)

ot 1

where
v is the velocity distribution of substance
(metre.second_l)
. -1
b, is the effective diffusion constant (sq.metre-second )

p is the density of the mixed component (kilogram/cu.metre)

In a general case:

p{r,t)

]

g’ (22)

v = v(r,t)
where 1 is the position vector.
2. The flow equation pértaining to the rate space, in the
usual form of the law of the conservation of impulse:

Bp; - - _
—— 4+ Div (P + pv © V) = pf (23)
at



338 R. T8rés Vol. 1.
where

Div 1is tensor-divergence (metre_l)

P is the stress-tensor (kilogram-metre_l-second_2)

7 is the vector of mass force (metre-second_z)

It is necessary to formulate an assumption in connection
with the stress terms and mass forces which give a more exact de-
finition of the nature of the carrier medium. As it is known, such
assumptions are the model of the ideal fluid or that of Newtonian

fluid, but it may also be any other model [3].

The form of Equation (23) is not identical to that of the
Navier-Stokes equaticn, since the divergence of the first term of
(23) and of the diadic tensor of the convective stream cannot be
eliminated by Equation (21),only in such cases where the diffusion
can be neglected. This assumption is justified in the case of com-
mon diffusion; however, if mixing is described by a diffusion-type
model, essentially it cannot be neglected. In the following, a
flow equation that also takes mixing into consideration will be
quoted. The mass forces and the stress-tensor will not be speci-
fied, the generalization will still be sustained. The left side of
Equation (23) is modified:

Y 4 Div (P + p¥ o ¥) =
at
=y 2 4, ov Div P + Div pv o v (2k)
3t ot -
but:
Div(pv o ¥v) = v div pV + p(¥,V o ¥) (25)

By substituting Equations (24) and (25) back into Equation
(23), the multiplicator of v van be collected:

- (0 . - - - -
v (22 & giv p¥) + o v, p(v,V o ¥v) + Div P = pt (26)

9t ft

The first term of Equation (26) is equal to zero, if the term ori-
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ginating from the diffusion stream can be neglected in Equation

(21):

90 + div pv = D,Ap 0 (a1)
ot
Should this not be the case, the simplification of Equation (2)

can be carried out only by writing Equation (27):

T 80 + p T4 o(¥,V 0 §) + Div P = oF (28)

it
Accordingly, the Navier-Stokes equation will be supplemented
with the first term of Equation (28).% It can be added that the
Navier-Stokes equation 1is also different from Equation (28) inas-
much as the medium to be mixed is not incompressible, and conse-

quently:
div v # O (29)

since the component being mixed is not present alone in the space
of streaming, but together with the carrier. With a view to a more
exact formulation, it should also be taken into consideration that
the velocity of the molecules of the cemponent tTo be mixed is not
the same as that of those of the carrier medium and accordingly
the law of viscosity ought to be taken into account. The system of
simultaneous equations thus grows further. Two Navier-Stokes egua-
tions are valid for the two velccity spaces, and a conservation
law of the type (21) for both substances, one of these (that per-
taining to the component tc¢ be mixed) also containing a diffusion
term. In the two equations of streaming, e.g. the Stokes law of
viscosity has to be taken intc consideration as a mass force. The
friction force has a greater influence upon the mixed component
than upon the carrier,and consequently it is sufficient to account

for it only in one case:

pT = - € 1nxr(¥ - ¥v')op (30)

*The attenation of the author was drawn to this fact by Dr.I.Férnyes,
for which the author expresses his thanks.
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where
! is the viscosity of the carrier medium (kilogram-se-
cond/sq.metre)
r is the radius of a particle (molecule) of the mixed
component (metre)
v,v' is the rate of the mixed component and of the carrier

(metre/second)

Furthermore, if the carrier medium is present at a high density of
the incompressibility condition is justified (as against the case

of the component being mixed):

div v' = 0
The equation of streaming becomes simpler. However, it is most
reasonable to accept Equations (21) and (28) as basic equations of
satisfactory accuracy, which are, at the same time, theoretically

accurate.

Summing up, Equations (21) and (28), or (23) are four diffe-

rential equations for the functions Ps Vis Vo, V3.

The pressure p (stress tensor) is to be regarded as known
data of the problem, furthermore the f mass force and the ini-
tial and boundary conditions. However, if the problem has been sol-
ved, by means of these, the value of p' and the p density func-
tion will also be obtained. In this case, Equation (1) gives the

degree of permixing by calculation of the integral.

In conclusion it should mentioned that the normal differen-
tial equation, describing the changes of the entropy of mixing in
time cannot be deduced it has no universal form. This can be ex-
plained in the following manner. The entropy of mixing has been
regarded as the degree of mixing, whether the task is to mix mate-
rials or internal energy. (Equation (1) can be generalized for the
simultaneous mixing of both material and internal energy.) Accord-
ingly, the II. law of thermodynamics can be applied, but not the
theorems of irreversible thermodynamics describing processes in
time. The equations of thermodynamics, describing process in time,
always refer to spontaneous -~ although complex - equalization



1973 Generalization of the Entropy of Mixing I. 341

processes [4]. Mixing is doubtlessly an equalization process, but
not a spontaneous one.Therefore a mechanical mixing process cannot
be described as a spontaneous equalizing process where the gradient
of an intensive quantity is the driving force. E.g. a mixing which
produces eddy currents the velocity field has not potential func-
tion [11. If the equalization process was brought about by genera-
lized thermodynamical forces (the gradients of the intensity para-
meters within the system), the irreversible entropy production
brought about in the process (i.e. the entropy of mixing) could be
calculated from the equations describing the changes in time, for-
mulated to a continuum [4]. It is outside the scope of this paper,
but nevertheless it can be mentioned that mixing could perhaps be
described as the tendency of a generally fictive and as yet unknown
intensity parameter for equalization. The theoretical foundation
seems, on the basis of the foregoing, to be doubtful, but in order
to reach only a given aim, not impossible. Only a comparison with
practice can tell whether it is successful or not. Consequently,
the expansion of the theory in this direction will not be dealt
with. (The differential equation of the change in time, which is
founded on an empyrical basis and can be checked asymptotically,
has been elaborated together with Dr. T. BLICKLE (5]1.)
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Correlations were derived for the determination
of the acentric factor and critical pressure of the
homomorphs of unsaturated normal hydrocarbons from the
molar liquid volume at & given temperature; with these
data the solubility parameter of the homomorph -~ that
is the nonpolar solubility parameter of the unsatura-
ted normal hydrocarbon - can be calculated by the
correlation given by LYCKMAN, ECKERT and PRAUSNITZ.

It is often necessary to describe the vapour liquid equilib-~
rium of various systems. In most cases this cannot be done without
difficult experiments. Several correlations were derived for the
estimation of vapour liquid equilibria. Most of these correlations
contain the solubility parameter introduced by HILDEBRAND and
SCOTT. In systems that also consist of polar compounds, these cor-
relations apply the solubility parameter split into polar and non-
polar parts. Therefore it is often necessary to calculate the po-

lar and nonpolar solubility parameters of polar compounds.

The regular solution theory of HILDEBRAND and SCOTT has been
applied to various problems of chemical engineering [1-4]. This

. theory contains two temperature dependent parameters for each ceom-
ponent, the molar liquid volume (V) and the solubility parameter
(&), which is defined as the square root of the configurational

energy per unit vclume.
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Since appropriate data for their evaluation are frequently
unavailable, several generalized vrelationships were derived to
estimate these two parameters at various temperatures. These
methods are based on a three-parameter theory of corresponding
state [5, 61].

The regular solution theory was applied to correlations for
vapour liquid equilibria. The first of the correlations available
is the equation of HILDEBRAND for the activity coefficient of com-
ponent 1 at infinite dilution in solvent component 2:

2
- Vi(s; - 83)
Iny; = ———m (1)
RT
This equation is applicable to regular solutions and has wide
applications in systems consisting of hydrocarbons. It is unsuita-

ble for systems involving polar or hydrogen~bonding components.

HILDEBRAND suggested and BLANKS and PRAUSNITZ further deve-
loped the idea of splitting the solubility parameter into two
parts [7, 873:

82 = 22 4 2 (2)

where A is the solubility parameter ascribed to nonpolar effects
and t is the polar solubility parameter. The value of A for a po-
lar component is set equal to the solubility parameter of a non-
polar molecule of the same size and shape, and at the same reduced
temperature as the polar molecule. The value of t is obtained by
solving Equation (2).The nonpolar molecule used in this context is
termed the homomorph of the polar molecule.

The splitting of the solubility parameter of polar compounds
nas proved to be useful. 2LANKS and PRAUSNITZ, WEIMER and PRAUS-
NITZ,later HELPINSTILL and VAN WINKLE, and finally NULL and PALMER

eri
i
h

e}

ed varicus equati for the estimation of the activity coef-

*h

o)

iv
ient atv infinite dilutior 4sing t and A [8-111. These relation-

4]
—

pP§ are generally capabie of predicting the vapour liquid equi-

libria of different systems co

o)

15isting of various components.
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However, these methods can be used only when the solubility
parameter and its two parts can be determined. LYCKMAN, ECKERT and
PRAUSNITZ correlated the solubility parameter and the acentric
factor and critical pressure for nonpolar or slightly polar com-

pounds. Their correlation is as follows [6]

e g e g
P

4
where Pc is the critical pressure, w is the acentric factor, G§°’,
Sﬁl’and Gﬁz’ are generalized functions dependent upon the reduced
temperature and given by the earlier mentioned authors in tables.

The part of the solubility parameter due to polar effects is
more difficult to determine. WEIMER and PRAUSNITZ, and HELPINSTILL
and VAN WINKLE provided charts for the calculations of A from
where A-s are obtained as functions of molar volume and reduced
temperatures. NULL and PALMER gave an equation for this purpose
which included constants determined by the regression analysis of
vapour liquid equilibrium data. The published charts are limited,
and so their readings can be rather inaccurate, while NULL’s equa-
tion can be applied in the cases of such compounds for which the

regressional constants were determined.

While predicting the vapour liquid equilibria of various
systems consisting of saturated and unsaturated hydrocarbons it
was necessary to split the solubility parameter of the unsaturated
hydrocarbons according to the polar and nonpolar effects. The
earlier mentioned charts were inappropriate for the purpose,partly
because of the difficulties in their reading, and partly because
their limited range in reduced temperature. The constants in NULL’s
equation were not available either, so the derivation of a new
method was necessary for the estimation of the nonpolar solubllity
parameter.

As mentioned earlier X is equal by definition to the sclubi-

lity parameter of a nonpolar molecule of the same size and shape,
and at the same reduced temperature as the polar molecule. The new
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method was derived on the basis of this definition. It uses the
correlation of LYCKMAN, ECKERT and PRAUSNITZ. First the acentric
factor of the hypothetic compound is determined,of which the molar
liquid volume at the given reduced temperature is equal to that of
the polar hydrocarbon. In possession of this acentric factor, the
critical pressure of this hypothetic compound can be determined.
Equation (3) can now be used to calculate the solubility parameter
of the hypothetic compound, that is the nonpolar solubility para-
meter of the polar hydrocarbon.

The acentric factor can be calculated by Equation (4) as a
funetion of the temperature and molar liquid volume:

w = -0.6567970503 + L.317033425%10™3 T - 9.552751262x10‘6 T2 +

+(6.948576691x1073 - 2.366410236x10™> T + 5.296188633x10~8 72) v +

-6 8 ~11,2,,2

+ (-7.300585551x107° + 2.980456572x10"° T - 7.607366k98x10~ L1 v
The constants of Equation (4) were determined on the basis

of 185 various molar 11qu1d volumes of the C C 1¢ normal paraffins

embracing the 25 - 105 °¢ temperature range by a least square fit

method.The values of the molar volumes were calculated according to
MEISNER [12]. His equation gives the molar volumes with a relative

standard deviation (characterizing the lack of fit) of 0.22 $%.

Taking into account the internal precision of the molar volume

measurements (+ 0.5 - 1.5 % relative) this fit is quite satisfac-

tory.

The average deviation in the case of the acentric factor was
+ 2.97 %.

In the knowledge of the acentric factor the critical pressure
and critical temperature of the hypothetic compound can be calcu-
lated by Equations (5) and (6):

P, = 57.96973602 ~ 113.7754867 w + Th.25657898 w? (5)

T = exp(6.6h0208073-o.027hh98h296/u + 0.1289717519 w + 0.2985 1n w)
(6)
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The constants of these equations were determined from the
data of the C2—C16
method. A comparison of the critical pressures and temperatures

normal paraffins [13, 14] by a least square fit

in literature and calculated by Equations (5) and (6) using the
acentric factors determined by Equation (4) showed that the avera-
ge deviation was + 2.88 % in the case of the critical pressure and
+ 2.80 % 1in the case of the critical temperature, taking into

account the earlier mentioned 185 data.

Hence the nonpolar solubility parameter of an unsaturated
normal hydrocarbon can be calculated by Equations (3)-(6) according

to the scheme in the Figure.

Read V,T
r

Estimate T

l

Calculate w

(Eq.4)
Calculate T
(Eq.6)
Yes
Calculate Pc
(Eq.5)
No l
Adjust T Calculate A
(Eq.3)
End

Schematic diagram of the calculation of A
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With the knowledge of the V molar volume and Tr reduced tem-
perature, a T temperature can be estimated, and the acentric fac~
ter of that hypothetic normal paraffin can be calculated, that has
a V molar volume at the selected temmerature (Equation (4)). With
Fquation (&) the critical temperature of this compound can be cal-
culated. It is now possible to find out what reduced temperature
corresponds to the estimated temperature in the case of the hypo-
thetic compound. If this value does not agree with the given redu-
ced temperature, the estimated temperature should be adjusted, and
the trials should continue wuntil the deviation is negligible.
Accepting the acentric factor that corresponds to this temperature
and the given molar volume,the critical pressure of the hypothetic
normal paraffin can be determined by Equation (5); the solubility
parameter of the hypothetic compound can then be calculated by
Equation (3) - which is equal by definition to the nonpolar solu-

bility parameter of the unsaturated normal hydrocarbon.

The method is applicable within the 25 - 105°¢C temperature
range provided that the acentric factor of the hypothetic compound
is neither less than 0.105 nor greater than 0.704. This method
provides a more precise calculation of the vapour liquid equilibria
of systems consisting of Cu unsaturated hydrocarbons. The results

will be published in a subsequent paper.

SYMBOLS USED

pressure atm.
gas constant

temperature (%K)

< 12 W

liquid molar volume (cm3/g mole)
activity coefficient
solubility parameter (cal/emd)l/2

> o <

nonpolar solubility parameter (cal/cm3)l/2
8 polar solubility parameter (cal/cm® )t/?
w acentric factor
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METpa pacTBOPHMOCTH HEHACHWEHHOrO HOPManbHOro yrnesopnopoga,
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Fluid mechanics in spouted bed processes are
dealt with. In an air-water model the pressure drop,
the liquid@ content and the recirculation rate of the
system are studied as a function of the gas flow rate
and the design characteristics of the apparatus. In
addition to the description of the experimental appa-
ratus, test methods, and characteristic results are
given. On the basis of the estimated data, the deriva-
tion of equations for the pressure drop, recycling
rate and liquid fraction in the apparatus are aimed
at. The numerous data show that the measured values
agree well with the values calculated by the derived
equations.

INTRODUCTION

Many kinds of the two-phase gas-liquid flow are known in
practice. The flow of gas-liquid systems can be varied depending
upon the direction of the flow, and the physical state of the
gaseous phase, etc. In the present work, such a liquid-gas flow
was investigated that was directed from the bottom to the top of a
tube where the 1liquid is drawn in an inserted tube by a gas

filowing with high velocity through a nozzle and where the relati-
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vely small residence time of the two-phase flow can be set practi-
cally at any value by an internal 1liquid recirculation. In con-
trast to the two-phase flow in a tube, where the feed rates and
the ratio of the phases are freely selected for both phases, in
the studied 1liquid--spouted bed system the flow of the liquid
phase was determined by the system itself, i.e. it depends upon
the amount and velocity of the liquid drawn in, the geometrical
circumstances and the gas velocity. From this important difference
it follows that the relationships derived for the calculation of
the flow characteristics of gas-liquid systems cannot be applied
without the relationships for the liquid amount and the velocity
of the liquid, even if they are also valid for the spouted bed
system.

Several equations were derived on the basis of the main
variables for the calculations of the characteristics of the two-
-phase flow [1, 23. All of these have the inadequacy that they
refer only to a certain type of flow, to gases of a given density,
some 1liquid flow rate interval, and a given tube diameter, etc.
There is no general relationship such as the coefficient of fric-
tion and Reynold’s Number diagram which is so useful at the calcu-
lation of the single phase flow. Provided the flow processes and
all the physical and geometric properties of the system are known,
even the best correlations provide a pressure drop with an error
of about 25 % and this problem is solved inadequately in the case
of volume fractions.

EXPERIMENTAL APPARATUS AND MEASURING TECHNIQUE

The scheme of the apparatus built for the investigation of
the fluid mechanics of 1iquid-spouted bed systems is shown in Fig.
1. The apparatus consists of two concentric cylinders (3, 4). The
controlled amount of air (1) is introduced into the inner cylinder

{3) through the nozzle (2). The gas flowing with high velocity
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of f

Fig. 1. Liquid-spouted bed. 1 - metering orifice; 2 - nozzle;
3 - inserted tube; U4 - column; 5 - clamping lever;
6 - water tank; 7-8 - pipe end; 9 - liquid separator;
10 - buffer vessel; 11 - cyclone; 12 - baffle plate

draws in the 1liquid from the space between the two cylinders and
carries it away. The gas-liquid mixture proceeds through the in-
serted tube (3) in a certain type of flow and after bumping into
the plate placed at the top of the apparatus (12) the liquid falls
back into the space between the two cylinders. In the outer space
of the apparatus the liquid moves downwards countercurrently to
the flow in the inner cylinder and it once again enters the inner
tube at the nozzle. The liquid droplets left in the gas are sepa-
rated in a cyclone (11) and the gas is carried off into the air.

The pressure drop of the system can be measured as the pres-

sure difference between the (7) and (8) pipe ends. This is the sum
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of the pressure drops on the nozzle and on the inner cylinder and
it is measured after the liquid separator (9) and damper vessels

(10).

The liquid amount in the inserted tube was measured by the
frequently applied intermittent method well known in literature.
In the lower part of the inserted tube, above the nozzle, a lock
was built in which allowed the free flow when open.The measurement
consisted of the abrupt closure of the bottom of the system, the
liquid collected above the lock was withdrawn and its volume was
measured. The standard deviation of the parallel measurements was

less than + 3 %.

The outer cylinder of the apparatus was assembled from column
elements, so the recycling rate of the liquid was measured by se-
parating the column into two parts with a plate built in between
two adjacent column elements, which had an opening in the middle,
with a diameter corresponding to that of the inserted tube. The
liquid collected above the plate was continuously withdrawn, while
liquid was added in an amount that corresponded to that of the
withdrawn liquid. It was not the volume of the withdrawn liquid
that was measured - although some controlling measurements were
also carried out in that manner - but the amount of the added
water fed under the plate into the bottom of the column via a ro-
tameter, needed to maintain a caonstant liquid level. Since the
identity of the pressure at either side of the plate was ensured,
the rotameter directly showed the recirculation rate.

THE EXPERIMENTAL CIRCUMSTANCES AND RESULTS

For the study of the fluid mechanics in liquid-spouted bed
systems, the overall pressure drop of the system, the pressure
drop of the empty apparatus, the liquid content of the inserted
tube, and the liquid recycling rate were measured as a function of
the gas velocity, the diameter and length of the inserted tube and
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the diameter of the nozzle, in the air-water model system. The
pressure drop of the empty apparatus can be measured as the pres-
sure difference between the (7) and (8) pipe ends, provided that
only air flows through the apparatus. During the measurements the
volume of the water in the apparatus, and the diameter and length
of the outer cylinder were constant (1.5 litres, 90 millimetres
and 1.5 metres). The gas velocity was varied in such a way that it

embraced the 0~90 metres per second interval.

The dimensions of the apparatus were selected for the expe-

riments from the following values:
the length of the inserted tube (millimetres) 400; 600; 800; 1000;

the diameter of the inserted tube (milli-
metres) 10; 153 2443 29;
the diameter of the nozzle (millimetres) 23 43 6; 83 105 123
143 163 18; 20.

The relationships derived between the studied characteristics
of flow and the variables will be summarized (the detailed experi-

mental results were published in a Doctor Technicus thesis [31):

The pressure drop of the empty apparatus increases in a
quadratic manner with the increase of the gas velocity and de-
crease of the nozzle diameter, and is independent of the diameter
and length of the inserted tube. The latter seemingly contradicts
the accepted relations known in literature, but taking into ac-
count the pressure drop of the empty apparatus is the sum of the
pressure drops established on the nozzle and on the inserted tube,
and the latter is in general smaller by several orders of magnitu-

de, then this contradiction is solved.

Between the overall pressure drop of the system and the in-
dependent variables, a relation similar to that of the empty appa-
ratus was found; because of the appearance of the second phase the
values of the pressure drop were naturally far greater.

The pecirculation rate of the 1liquid transfer by the gas
grows proportionally at the beginning, later it approaches a limit.
The growth of the length and diameter of the nozzle decreases,
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while the increase of the diameter of the inserted tube increases

the recirculation rate.

The liquid content decreases and tends +to zero when in-
creasing the gas velocity, while an increase in the length of the
inserted tube increases it. The decrease of the nozzle diameter
and the increase of the diameter of the inserted tube increase the

liquid content.

CALCULATION AND EVALUATION OF THE FLOW CHARACTERISTICS OF
LIQUID-SPOUTED BED SYSTEMS

On the basis of the experimental results, efforts were made
to attain the derivation of such relationships for the main flow
characteristics (pressure drop, recirculation rate, and 1liquid
fraction) that contain only the feed data and the data of the ap-
paratus, and do not contain parameters that are difficult to meas~-

ure, e.g. the liquid content.

To calculate the liquid fraction the adaptation of a rela-
tion previously derived in this Institute was tried. On the basis
of the theory of dynamic foams, SASVARI [4] derived the following
equation for the determination of the liquid fraction:

k
€p = - (1)
u_ + k
g
The reciprocal of Equation (1) is:
NS
e =5 (ug + k) (2)

It is obvious that there is a linear relationship between the re-
ciprocal of the liquid fraction and the gas velocity (ug)- The
value of k was determined from the following measured data.
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The liquid fractions were calculated from the measured liquid
contents by the following equation, derived on the basis of the

definition of liquid fraction:

(3)

According to the experimental results since the liquid content (V)
not only depended upon the gas velocity, but also on the dimen-
sions of the apparatus, the reciprocals of the 1liquid fractions
were plotted against the gas velocity having these variables as
parameters. Straight lines with nearly the same slopes were deri-
ved and this confirmed that the value of k is independent of the
diameter of the nozzle (df) and of the diameter and lenth of the
inserted tube (dB and HB). From the slope the value of k was found
to be 1.7 and so the liquid fraction was calculated by the follow=-

ing equation:

i, = —_1T (%)
u_ + 1.7
M3 o e
L 3 The comparison of the

measured and calculated data
showed that below a gas velocity
of 4 - 5 metres per second the
calculated values were invariably

1004 L 2
e smaller than the measured ones.

80+ The difference decreased with

the decrease of the length of

601 |1 the inserted tube. Above a gas
40 velocity of 5 metres per second

the agreement between the two
20 values is good not only in foam,

but also in film and mist flow.

T T

-50 0 50

=

In Figure 2 the distribution and
N% frequency curves of the diffe-
rences between the measured
Figure 2. The distribution and liquid fraction values and those

frequency of the liquid fraction j
data calculated >y Equation (4) are
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shown. It can be seen that the deviations have a nearly normal
distribution and their absolute majority is within the + 10 % de-

viation range.

At the calculation of the overall pressure drop of the system
it was assumed that apart from the outer recirculation space the
system can be regarded as a sieve plate column with only one open-
ing on the plate for the distribution of the gas in the liquid. In
the sieve plate column the pressure drop consists of the pressure
drop on the dry plate, the hydrostatic pressure of the liquid on
the plate and the dynamic pressure drop necessary to overcome the
surface tension. This latter can be neglected since it is smaller

than the others by an order of magnitude.

The overall pressure o
drop of the system (AP, ) was E NP
- o °
plotted against the sum of the > " &45
pressure drop of the " «ol.
dry apparatus (Ap) and the h .dgF
4000 1

hydrostatic pressure (APh).

The hydrostatic pressure
was calculated from the meas- 3000 fl.
ured liquid content by the . ")
following equation: 2000 >~

opy = Ly (5) 10T B

B

In Figure 3 it is shown that 1000 3000 5000
the sum of the pressure drop ap+aPy (kp/m2)
of the dry column and the
hydrostatic pressure is some Figure 3

what less than the overall

pressure drop of the system. The measured values are scattered
around a straight line of the slope of 1.2.Sc the overall pressure
drop can be calculated by the following Equation:

4P, = (ap + aP,) 1.2 (6)



1973 Fluid Mechanics in Liquid-Spouted Bed 359

The pressure drop on the dry column depends upon the gas ve-

locity and on the diameter of the nozzle. So it can be expressed

as:
a1
= 2

where

df is the diameter of the nozzle (metres)

Uge is the gas velocity in the nozzle (metres per second) .

The constants were determined from following the measured

data.

The pressure drop of the dry column was plotted against the
square of the gas velocity in the nozzle, the diameter of the

nozzle was the parameter. Straight lines were obtained:

Ap = a u?
e
1

az = ap d

By
e

Which means that there is a linear relationship between the vari-

ables and a3 can be determined from the slopes. The logarithm of

3

e

the determined a3 was plotted against the logarithm of the diam-

Rt
o

eter of the nozzle and according tc Equaticn } the intercept of

the straight lines was a; and their slope gave a;.

It was found that

a, = 0.0057%

a; = - C.¢
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r - Ef:HBYf (11)

In Equation (11) the only unknown parameter is the liquid
fraction, so it can be calculated. If Equations (4) is substituted
into Equation (11) an equation is derived for the hydrostatic
pressure drop:

AP = =.k_.H =—LH (12)
u

n = €elpYe 8Yr

g g
The comparison of the values calculated by Equation (12) and
those measured showed that their discrepancies were less than +10%
in about 50 % of the data. In real foam flows the calculated val-
ues were higher, in film-mist transition flows the values were
lower than those measured, which means that the best fit was ob-

served in film flows.

The substitution of the relationships for the pressure drop
of the dry column and the hydrostatic pressure drop Equation (10)
and (12) into Equation (6) gives an equation for the pressure drop

of the spouted bed system:

= _ -0.5 5, 1.7
AP, = (0.00576 dy udy ¥ ——— HByf) 1.2 (13)
u_ o+ 1.7

8

In Equation (13) the variables are the length of the inserted
tube, and the gas velocity calculated on the diameters of the in-
serted tube and nozzle. This means that without the knowledge of
the 1liquid feed rate the pressure drop can be calculated in ad-
vance. The comparison of the measured and calculated values showed
discrepancies that were less than +25 % in about 80 % of the data.

An equation was derived for the recycling rate (uf) on the
basis of the definition of the volumetric rate:

A, -3600 (14)

Ve T UpfpAy

In Equation (1l4) the liquid fraction is known from Equation
(4) so the unknown variable is the actual linear velocity of the
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liquid (uf) which can be calculated using the relation between the
recirculation rate and the following measured parameters.

The linear velocity of the liquid can be calculated by Equa-

tion (15) from the measured liquid content and recirculation rate:

w w.H
u, = £ - —L.P (15)

Atef-3600 V+3600

The determined liquid velocity was plotted against the gas veloci-
ty having the data of the apparatus as parameters. Straight lines

with different slopes and intercepts were obtained.
The equation of the line:

up = 8u, + ag (16)

If Ug = 0 then:

ag = - ahu; (17)

where u; is the gas velocity where the liquid recycling starts.
The substitution into Equation (16) yields:
u

£ = By - ahu; = ah(u8 - u;) (18)

&) and u; in Equation (18) depend upon the following parameters:

a), = f(Hy, ap, dg) (19)
and
ug = f(HB, dy) (20)

The Equation (19) and (20) were solved with the following measured
data.

u; was plotted against the length of the inserted tube, at
constant values of the diameter of the inserted tube. The relation-
ship between the two variables is nearly linear, so the equations

for the derived lines are:

it 4y = 29 mm; u; = 5.4(Hy - 0.24) = 5.4 Hy - 1.3 (21)
dg = 2k-19 mm; u; = Lkdy - 0.25) = b Hy -1 (22)
dB = 15-10 mm; ug = 2.6(HB - 0.18) = 2.6 Hy - 0.5 (23)
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A relationship having both variables simultaneously could not be
obtained for u;.

The experimental data showed that éu is directly proportional
to the length and diameter of the inserted tube and it is inversely
proportional to the diameter of the nozzle. So the following equa-

tion was derived:
r
+ ag EE (2k4)

ag can be obtained if the aqdf product is plotted against the diam-
eter of the inserted tube with the length of the inserted tube as
parameter. The slope of the parallel straight lines obtained gives
ag and if the intercepts are plotted against the length of the in-
serted tube, straight lines are obtained once again, where the

slope is a, and the intercept is ag.

The following values were obtained for the constants:

ag = 0.05k, &, = - 1073, ag = 0.57x1073.
With these constants Equation (2u4) yields:
d H r
a, = 0.05h = - 1073 35 + 0.57x1073 Eﬁ (25)
f f f

Having au and GE Equation (14) is solved on the basis of
Equation (18):

a, = Eh(ug - ﬁ;)efAt'3600 (26)

where E; can be calculated by Equations (21), (22) or (23) depen-
ding upon the diameter of the inserted tube,and Eq and €¢ by Equa-
tions (25) and (u).

The comparison of the experimental recycling rate and those
calculated by Equation (26) showed that their discrepancies were
less than * 10 % in more than 50 % of the 900 data.




1973 Fluid Mechanics in Liquid-~Spouted Bed 363

To briefly summarize the results, empirical equations (Equa-
tions 4, 13, 26) were derived for the calculation of the flow cha-
racteristics of the liquid-spouted bed systems {pressure drop, vo-
lume fraction and recycling rate) on the basis of nearly 1000-1000
experimental data, which sufficiently describe the system. In
these equations, parameters that are easy to determine were employ-
ed (gas velocity, and design data), there are no variables that

are difficult to measure.

SYMBOLS USED

the cross section area of the inserted tube (m2)

[

== T - B S I

8, «.. & constants
2 8 s 2, 4
(kg force.sec”/m”) a, (kg force.sec™/m') ag (m/sec)
the diameter of the inserted tube (m)
the diameter of the nozzle (m)
the length of the inserted tube (m)
constant
the distribution of the data in percentage

the differences between the measured and calculated data in

S X " @5 A& AP

percentage
n the number of measurements
AP, hydrostatic pressure drop (kg force/m?)
AP, the overall pressure drop of the liquid-spouted bed system
2
(kg force/m”)

AP the pressure drop of the dry column (kg force/m2)

r, hydraulic radius (m)

u ‘actual liquid velocity (m/sec)

ug - gas velocity calculated on the cross section area of the

inserted tube (m/sec)
gas velocity calculated on the cross section area of the

gt
nozzle (m/sec)
u; minimum gas velocity needed for the start of the recircula-

tion (m/sec)
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liquid content (m3)
5 volumetric liquid feed rate or recirculation rate (ma/h)
Ye liquid density (kg force/m3)
€ liquid fraction
" 3.1415

Variables with a bar are calculated data; those without any bar

are measured ones.
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P E3OME

ABTOPEMHU HIYYAKTCH FUAPOGMHAMHHECHKHE YCNOBWA reiseposora cno-
co6a. May4awT nageHuwe pasnexun, COABPHAHHWE WHMOHOCTH WM CHOPOCTH
UMPHYNRUHM B 3EBHCHMMOCTHM OT CHOPOCTHM rasa W 384EHHHX HOHCTPYKTHB- °
HEX MnapamMeTpoB. ABTOpPW OMMCHBAKT SHCNEPWMEHTAaNbHYN YCTaHOBHY, Me-
TONE  W3MEPEHHA, XAPAKTEPHHE 3SHCMEPHMEHTANLHWE GaHHHE W ganee Ha
OCHOBE 3HCMNEPHUMEHTANbHEX QAHHEX NETAKTCA COCTAaBHIb YPaBHEHWA 4NA
BHYMCNEHKA NAABHUA Q0aBNEBHUA, CHOPOCTH UMPHYIRUMH W OGLEMHON [0AM
MUAKOCTH. [pHMEHAR 2HCMEPMMEMTAaNbLHEE JaHHbE OGONBLWOr0 YWCHAE ONMTOB
98TOpH NOHA3LBAKT COBMNALEHHE HM3MEPEHHLIX QaAHHHX C JaHHBMM, BHYHC-

NEHHLMH NO COCTABNEHHBM COOTHOWEHWAM.
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In connection with catalytic reactions, it is
the overall reaction rate that is defined in practice.
However, the processes proceed through a number of
steps and accordingly it is more preferable to consid-
er each individual partial process. An equation has
been derived for the determination of the virtual rate
constant of the reaction occurring at the internal
surface of the catalyst particles which also contains
the figures of mas- transfer (external and pore-diffu-
sion). A possibil ¢y is herebty given to interact at
the most advantageous point, in order to speed up the
overall reaction. The overall reaction rate is, at
test, equal to that of the surface reaction (if the
diffusion hindrance is eliminated) and consequently
the latter is preferably determined.

A muthematical estimation has also been derived
for the determinaticn of the mass transfer occurring
in the boundary layer around the catalyst particles.

INTRODUCTION

Catalytic reactlons CoCuUITIng

catalyst proceed through a number -f consecutive paritial procescos:
L]

the external

fusion).
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2. Diffusion of reactants and products within the pores of the

catalyst (termed pore diffusion).

3. Adsorption of reactants at the internal surface and desorption

of products from the external surface of the catalyst.
4. Reaction at the internal surface of the catalyst.

The "above-mentioned partial processes have been given a

detailed analysis in the literature [1, 2].

The overall reaction rate is determined by one or more steps.

The reaction rate 1is defined in the literature - in accor-
dance with industrial practice - by the following equation:
dx
r, =B —2 (1)
dw .

It is apparent from Equation (1) that the overall reaction

rate refers to the unit mass of the catalyst.

This approach undoubtedly very simple and accordingly it
simplified the industrial application; however, it is burdened by

a number of drawbacks:

- the effect of the individual partial processes upon the overall

reaction rate is not taken into consideration;

- it is valid only for a given catalyst bed, and in the case of a
change in any of the parameters of the catalyst bed, the results

of the measurement are no longer valid;

- no information is provided on the temperature dependence of the

reaction.

it seems more preferable to apply an approach in which the
partial processes are, one by one, taken into consideration. By
this way, 1t is possible to speéd up the rate-determining step
and thereby to modify the overall reaction rate in an advantageous
direction. For this purpose it is, however, necessary to know the
rate-determining step or steps.

i
From among the four partial processes described in the

foregoing it is only the rate of the surface reaction which is in-
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dependent of the geometric parameters of the catalyst bed and
accordingly its determination seems to be of paramount importance.
It is the rate of the surface reaction that determines the process
if the diffusion hindrance [3] has no role to play in the process.
Adsorption cannot be separated from the surface reaction, and
consequently an apparent rate constant is used,which also includes

the rate constant of the adsorption process.

It can be mentioned as a further advantage of the approach
that the empyrical formula of Arrhenius [4] holds for the surface
reaction and consequently it is possible to calculate the rate
constants of a whole temperature range, if the rate constants for

two different temperatures have been determined.

The method is preferably demonstrated on a catalytic isome-
rization reaction, where a gaseous component is transformed into

another similar one, without any change in mole numbers.

DESCRIPTION OF THE MODEL

Let us consider the following process:

The reactant c'(o) concentra-

X tion enters the apparatus at a point

x = 0. The molecules of the reactant

//’bOdy of diffuse into the interior of the ca-
apparatus

talyst particles, are transformed

there and return into the streaming

gas mixture of the apparatus, con-

/’__/anSTﬁi/_catalyst taining the reagent and the product

o [
30790 °a0d gases.
°°0: 0o ©
) . .
20 o ° x=0 The gas mixture continuously
becomes poorer in the reagent compo-
[4

1}

o nent along the "X" height co-ordi-
nate, and simultaneously the concen-
tration of the product increases in

Fig. 1 the bulk of the gas.
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The sum of the concentration of the product and the reagent
is constant, and consequently it is sufficient to follow only the

changes in the concentration of the reagent.

THE MATHEMATICAL MODEL

The mathematical model is given by the mass balances, as
formulated for the unit volume of the interior of the particle or
for the unit volume of the catalyst bed. A detailed description of
these will be omitted for the sake of brevity. The following sim-
plifications have been adopted in establishing the mathematical

model :

1. The mathematical model holds only for a stationary state, when
the concentration in a given cross section of the catalyst bed

does not change in time.

2. The concentration of the gas in a given cross section is con-

stant.

3. Radial diffusion in the gas is negligible compared to the con-

vective stream.

4. The catalyst particles are spheres of equal radii and they con-

tact each other only in a point-like manner.
5. The reaction within the pores is of the first order.
6. The process is isothermal.

7. The adsorption process is instantaneous, that is to say, its
rate constant may be incorporated into the apparent rate con-
stant of the surface reaction (in this case adsorption and

surface reaction have been regarded a single partial process).
8. The particles are hamogenous.

9. Any transformation on the outer surface of the particles is
negligible. (The internal surface of the particles is larger by
several orders of magnitude than the external spherical

surface.)
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With the above-described simplification in view, the system
of differential equations describing the process can be written by
means of the differen-
tial balance as formu-
lated for the catalyst
particle and for the

-
r. — Nr*'dr gas.

Fig. 2 shows a

W
™

YN
I

~ section of a spherical
~ catalyst particle, in
which diffusion and
reaction of the reagent

Fig. 2 takes place.

The material balance for a unit volume of the particle is

the following:

W(r + dr)2zeDd %; [e(x,r) + égi%jzl arl =

=k r278D 93&%;31 + 4 r?ndarake(x,r) (2)

Equation (2}, after simplifications and carrying out the

operations, can be written in the following form:

2
oD [8 cl(x,r) » 2 ac(x,r)] = ake(x,r) 13)
ar? r ar
After rearrangement:
L2 /
82clx,r) % dcix,r) _ &k e{x,r) (%)
ar? - 3r D*
where
D* = 3D (5)

The mass balance of the reacting gas is written for a unit

volume of the catalyst bed.
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The number of particles present
in the unit volume: n [pieces/L3]
depends on the dimensions and order
of the particles; this value is con-

stant for the whole bed.

. O o 0J 500
. dc(x,r) 00°0260 00 %0
N Aot = 3. YO AL/ —
s'hec (%) = b R2wAaxneDl .]r=R + o%quoé§¥gg°°og
() dx
v oARcvifet{x) + e lx) dx ] (6)
” dx
Egquation {6 expresses that the
decr:ise in concentration in the bulk c'(x)
ot  tne gas 1s brought about by dif-
fusicr oriented against  the surface

rig. 3

operations and simplifications, Equa-

eguations to ke
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Equations (8) and (9) are in connection through the value of
the concentration gradient arising at the external surface of the
catalyst particles.

Equation (2) is partial; but having a construction that it

can directly be integrated with respect to r"
The general solution is the following:
e(x,r) = = [A ch(Ja r) + B sh(Ja r)] (11)
where
a = sk (12)
D*

A and B are integration constants.

The values of A and B can be calculated by the boundary con-
ditions written for a particle.The boundary conditions are written
with reference ot the centre of the particles and to their ex-

ternal surface:

[M} _ =0 (13)

ar r=0
However, condition (13) cannot be applied, since in the ex-
pression %%, " js in the denominator and the expression is

meaningless if r = 0 is substituted. Instead, the following may be

written, as follows from the diffusion process [51:

1im rZ(g%> =0 (14)
r-+0

It is apparent that after multiplication by "r2", the deno-

minator does not contain "r".

The second condition is determined by the circumstances
prevailing at the external surface of the particle.

It may be assumed that the concentration of the bulk of the
gas 1is present at the opifice of the pores. (The value of the

mass transfer coefficient, kc, is assumed to be infinite.)
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In this case,
e’ (x) = e(x,R) (15)

However, if kc # «, the Newtonian boundary may be written:

In the case of kC = », Equation (16) becomes Equation (15). The
selection of the boundary condition to be applied may be done on
the basis of information given by fhe measurements described in
[6]. In some cases, the following calculation may be applied

instead of measurements:

kC may be regarded as infinite, if its value is greater by

two orders of magnitude than the value of D*[gségizl]r=R that is
to say
k >> Di[_ac_(i:r_)] (17)
c or r=R

Boundary condition (15) may be applied in this case.

The order of magnitude of the value of kc can be estimated
on the basis of [7] while that of D* on the basis of [8].

. No information whatever is available on the value of
[QEL%¢£l]r=R but it can be proved that even the greatest concen-
tration gradient developed along the axis of the catalyst bed is
smaller than the concentration gradient of the particle of c'(o)
concentration calculated with the assumption kc = » and placed
into an infinite environment. Accordingly, the gradient calculated
on the basis of this assumption approximates the real value of

[92i%;£l]r=R from above.

If this value is substituted into Equation (17) and the re-
lation is true, it is also possible to calculate with the boundary
condition (15) in the case of the really prevailing concentration

gradient.

With application of boundary condition (1u),

A= (18)
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By application of boundary conditions (15) or (16) and
Equation (11), the following equation is obtained for the change

in concentration along the axis:

- %[RJ; eth({Ja R) - 11x
(19)

c'(x)

c'(0) e

and
bk R Ja cth{(Ja R) - 1 x

¢ pe[RJa cth(Ja R)~ 11 + kR (20)

ct(x) et (0) e

Equations (19) and (20) contain the value of the virtual

rate constant, "k", in an implicit manner.

DETERMINATION OF THE APPARENT RATE CONSTANT "k"

Equations (19) and (20) describe-the changes in the concen-
tration of the bulk of the gas as a function of the height co-or-
dinate. The parameters used (geometrical data of the catalyst bed,
diffusion coefficient and mass transfer coefficient of the external
diffusion) are such that are either at our disposal or can easily
be determined [7, 813.

1f the concentration of the bulk of the gas, ¢'(x) is deter-
mined along the axis of the catalyst bed in a point of known co-
-ordinates (it is most preferable to choose the height of the ca-
talyst Dbed and the concentration of the gas leaving the system),
the value of "k" can be calculated with the following transcendent

equation:

Ja cth (V& R) (21)

[
0

where

_ ¥'elln ¢'(0) - 1n c'(x}3
L R2xn D¥*x

(22)

|+

if boundary condition (15) is applied, and
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viek [1n c¢'(0) - 1n c¢'(x)] 1
L = c + 5 (23)

LI R27nD#*x - D*ev'[1ln c¢'(0) - 1n c'(x)]

if boundary condition (16) is used in the calculations.

Equation (15) is solved for "a" and we have

ak = aD* : (2k)

Equation (24) gives the product of the virtual rate constant and

the specific surface of the catalyst particle.

A similar consideration can also be applied for the case of
non-spherical catalyst particles. The only difference is that the
differential equations are not written in spherical co-ordinates,
and the factor "b" in Equation (7), describing the geometrical pa-
ramaters, has to be modified.

Fig. 4 shows par-

ticles of cylinder and
"flake" shape. 4

The differential : :
equation for cylindrical ~ | :
. . |
particles is the follow- I @ A==
ing: | ///
= 13
32c(x,r) + 1 8(x,r) _ 2R 4]
ar? r dr
_ ak . Fig. 1&
= ow c(x,r) (25)
whereas for "flake"-shaped particles it is:
2
cx,2) = %% cl(x,z) (26)

dz2

In the case of cylinders, the mass balance of the bulk of the gas
is the following:

de'(x) _ a(x,r)
dx - - bcylinder t or ]r=R (27)
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where

_ 2 Rxf nD* (28)

bcylinder ev!

and in the case of "flakes"

dc'{x) _ A(x,z)
3x = - Priake =%z ]z=% (29)
_ 2 efnD*
Prrake T \ (30}
v
Mass transport - occurring only at the superficies of
the cylinder and at the e.f plate of the "flake" - was taken into

consideration when deriving the equations. This omission causes
the values of "b" +to be taken into account at a value lower than
the real one. On the other hand, when describing the model it was
assumed that the particles touch in one point only, that is to say,
touching of the particles does not decrease the surface area
available for diffusion. The errors arising on account of these
two omissions influence the value of wpt in an opposite sense, and
consequently it is not likely that it causes any considerable

deviation in the calculated values.

SUMMARY

The virtual rate constant of catalytic isomerization was
determined, with certain suppositions and with the application of
the geometric properties of the particles.

In cases where the influence of the external diffusion re-
sistance and that of pore diffusion does not manifest itself, the
rate of the surface reaction is equal to the overall reaction rate.

The rates of external diffusion and pore diffusion were also

taken into account, and consequently it is possible to select the
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rate-determining process. A possibility is given hereby to inter-
act at the most advantageous point in order to attain a more fa-

vourable overall reaction rate.

The empyrical formula of Arrhenius holds for the virtual
rate constant calculated in accordance with the above, and con-
sequently it is possible to determine the temperature dependence

of the reaction from two measurements.

SYMBOLS USED

a specific surface of catalyst particle, L-l

c(x,r) concentration in the interior of the particle, mole/mole

c'(x) concentration in the bulk of the gas, mole/mole

k virtual rate constant of the surface reaction, t_l

kC mass transfer coefficient of the external diffusion,
mole/th

n number of particles present in the unit volume of the
catalyst bed, L—3

r radial co-ordinate, L

T, overall reaction rate, mole/Mt

v linear gas velocity, L/t

w mass of catalyst, M

z linear co-ordinate in case of "flake"-type particle, L

x height co-ordinate, L

X, conversion, mole/mole

B feeding rate, mole/t

D*=9D effective diffusion coefficient, Lz/t

R radius of catalyst particles, L
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€ free surface fraction of catalyst bed, LZ/L2
9 porosity, L3/L3

In the signs, the internationally accepted dimension symbols

were used:

L length
M mass
t time
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P E3OME

MpH HOHTAHTHEX HATANMTHYECHHX PEaKUWA Ha NpaKTWHE OnNpeRens-
€TCHA BANOBAA CHOPOCTb peakuvu. Wmes B BrHly TO, YTO Npouyecc NpPoWc-
X04WT B HECHONIBKMX CTYMNEHAX, OHaswBaeTcs uenecoobpasHeM  0OTAenbHO
Y4HTHBATL 4ACTHYHWe Mpoyeccs. Bueegeda popMyna gnA  onpegsneHua
HOHCTAaHTa BUPTY&NbLHOH GHOPOCTHM peaxuum, NPOMCXO4AWEH Ha MOBEPXHOC-
TH rpaHyn Katanu3aTtopa, Cogepwauero XapanTepHee faHHbe Macconepe-
AAa4M NOPOBOA Anddyauu. Tauum 06pa3oM, [JAETCA BO3AMOMHOCTL BMBWM-
B4TLCA C uUENbI0 YCHOPEHWMA BANOBOCQ NpoyEcca Ha camom noAx048uem
mecte. Onpegenenne cHopacTH MOBEPXHOCTHON peaHuuH RBAAETCA Ueneco-
06pa3sHeM, BEAL CHOPOCTL BanoBOY PEAHUHKM W B ONTHMAALROM cay4ae
(Mpw npexpaweHmm OHPOYSHOHHOrO TOPMOMEHHA) MOMET [AoCTHraTe 3Hade-
HWA nocnegHen,

AeTopoM fuwna suBegeHa PacueHxa gna onpefdeneHWR macconepegayu

TPOMCXOAAWEH 8 FPaHMYHOR NABHHE BOWpYr rpaHyn Havtanusarvopa.



Hungarian Journal
of Industrial Chemistry
Vegzprém
Vol.l. pp. 379~400 (1973)

MATHEMATICAL MODELLING OF ABSORPTION COLUMNS II.
PARAMETER SENSITIVITY AND METHODS FOR ITS CALCULATION

P. ARVA and F. SZEIFERT

(Department of Chemical Process Engineering,

Veszprém University of Chemical Engineering)

Received: December T, 19T72.

The idea "parameter sensitivity” is defined for
various operational units and the models enabling
their calculation have been described. The Piston Flow
Model (P.F. Model), suitable for the description of
two-phase countercurrent operational wunits has two
dimensionless parameters, whereas the Axial Dispersed
Plug Flow Model (A.D.P.F. Model) has four. In the case
of both models, the number of physical quantities and
figures characteristic of the working state included
in these dimensionless parameters is very large.

This paper deals with the analytical solution
used for the calculation of the sensitivities.

The theoretical connections are supplemented by
a number of numerical examples, -calculated by both
analog and digital computers, presenting an illustra-
tion of the practical application of parameter sensi-
tivity.

In the first paper [1] of this series, the mathematical mo-
delling of a packed absorption column was described. An experi-
mental method was presented for the determination of the absorbed
component in both of the phases, along the packed column. The
experimental results were processed on the basis of the P.F. Model
and the A.D.P.F. Model. The mathematical models describe the mc-
delled reality only with a limited accuracy. The inaccuracy of the
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models is brought about by two causes. Firstly, they‘can give only
a phenomenological description of reality. The complicated connec-
tions and phenomena of a real system are attributed by the model
to the collective influence of only two or three factors. For
example, in a packed absorption column, the individual elements
of the streaming liquid phase may move in any direction of space
with a different and variable velocity. 1In the P.F. Model, this
complicated flow pattern is ignored and the process is characteri-
zed by mean values. The A.D.P.F. Model characterizes the flow
occurring in the real system by two parameters: the mean flow rate
and the mixing coefficient. Accordingly, in both cases a schematic
pattern is forced upon the reality.

The second reason for the inaccuracy of the parameters is
the method of determination. The parameters of the models, such as
rate, mixing coefficient, and transfer coefficient, etc., cannot
be calculated, but the results of experiments carried out with a
real apparatus are processed on the basis of the chosen model. The
source of errors is, on the one hand, experimental errors, and, on

the other, the errors of the calculation method.

It is our aim in the mathematical description of the opera-
tional units to present a description which is,for a given purpose
of adequate accuracy, and as simple as possible. Generally much
experimental and calculation work is necessary to produce models
which approximate the reality. It is not justified to carry this
out if a simpler description alsc offers satisfactory accuracy. In
the solution of such tasks, the knowledge of the parameter sensi-
tivity of the model comes very useful.

The mathematical description of two-phase operational units
is often possible by models of the same type, the only difference
being the values of the parameters. This paper deals with the ge~-
nerally used P.F. and A.D.P.F. Models.

Studies on the sensitivity of operational units against
changes in the parameters proved to be very useful in reactor
technique. However, in the field of diffusion operations in che-
mical engineering there are practically no papers that deal with
this problem.
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Both for the researcher and the practical worker in the
field, the knowledge of how far a change in some property of the
apparatus or in the technological parameters may change, the opera-
tion of the apparatus 1is of real practical importance. Such and
similar questions may be answered if the parameter sensitivity is

known.

The problem of parameter sensitivity is also encountered in
the solution of models describing the operational wunits. This
knowledge may also be helpful in choosing the means and methods of

calculation.

In the case of all models used in connection with the calcu-
lation of operational units, the dependent variables are in all
phases the concentration and temperature of the component, and the
independent variable is, when a stationary state is examined, the
place co-ordinate. In addition to these, a number of parameters,
such as e.g. the rate of the phases, trdnsfer coefficients, reten-
tion, mixing coefficients, and the concentration of the components
along the edges, etc., are applied in the models. This connection
is expressed for the variable x5 by the function X5 (z, Pys DPys
p;--- pn). In the case of a given set of parameter values (pl, P,
. pn) the sensitivity with respect to the parameter p, can be
defined by the following equation:

axj(z, Pys Pp --- pn)

ey.i (25 pys Pp -ov By) = 8p; )

where xj is one of the dependent variables and P; is the parameter
with respect to which the sensitivity is examined. Often it is
preferable to express this sensitivity in a dimensionless form:
P
E = 1 e . (2)

- J’i XJ(ZaPI:PZ,---Pn) J.1

This paper describes the calculation methods serving the de-
termination of parameter sensitivity on the basis of the most

frequently used models.
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1. The Sensitivity of the P.F. Model

Two-phase operational units are very frequently described by
the following model (cf. Equations (4) and (5) in [131, if A = 1):

dx Bw?Z .
izt e (y-x)=o0 (3)
L
ay , BuZH =
izt oy (y - x) =0 (k)
G
where
x = °L v g
= b . =
Heg in G,in

The boundary conditions pertaining to the model are: the following:

1 (5)
x. (6)

in

y(o)

x(1)

The model has two dimensionless parameters:

_ Bw?Z -
StL = and StG =5

[
«

The sensitivity of the model with respect to these two parameters

will now be examined.

The following designations for the sensitivity are introduced:

e, = R0X . o o & o . dx . _ _ 3y
11 BStL’ 21 BStL’ 12 aStG’ 22 aStG

The functions x(z) and y(z) are obtained at given parameter
values, by the solution of Equations (3) and (4) as well as con-
dition Equations (5) and (6).

Let Equations (3), (u4), (5) and (6) be differentiated with
respect to StL. In this case, the set of equations expressing the
sensitivity with respect to StL is obtained:
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82 3
X gy (2L Xy (y o x) =0 (1)
aStLaz aStL astL

82 dy ax 85tg
— L 4 st ( - ) + (y - x) =0 (8)
aStLaz BStL aStL aStL

The boundary conditions for this set of differential equa-
tions can be derived from Equations (5) and (6). The values y(0)
and x(1), i.e. the concentration at which the phases enter the ap-
paratus, are independent of the Stanton figures, and consequently

the boundary condition can also be written in the following form:

8y = 0 (9)
BStL 2=0
_gi_ = 0 (lO)
aStL 2=1

With application of the signs introduced for the designation

of the sensitivity, we may write:

aell
+ StL(e21 - ell) + (y - x) =0 (11)
dz
e oSt
2L 4 Stg(e,, - egy) *+ — (¥ - x) =0 (12)
oz a5t
L
= 13
e, (0) 0 (13)
= 1k)
e (1) 0 (
- In a similar manner, the following set of differential

equations is obtained for the sensitivity with respect to StG:

de . BStL
iz, st ey, - 812) + (y - x) =0 (15)
dz BStG
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depp .

. + Stoley, - e10) + (y - x) =0 (16)
e22(0) = 0 (17)
elz(l) = 0 . (18)

The values of the functions x(z), y(z), ell(z), ele(z), ezl(z)
and e22(z) are obtained from the solution of the set of Differen-
tial Equations (3) ... (18), at a given set of parameter values.

Functions x(z) and y(z) can be produced without solving the
sensitivity equations. The sensitivities can be obtained without
any difficulty if the functions x(z) and y(z) are known in an ana-
lytical way by solving the sets of differential equations or by
derivating x(z) and y(z). For example, the following equation was
obtained for the sensitivity of the concentration y with respect

to StL:
st 1 1 ast
ey = [1 - x(2)M{11 - ot + g;— - ;:— - lexp(st; - 8t.) x
L L G L
ast,
(1 - 3§¥Z) z exp[(StL - Stg)z] stg
x[exp[(StL - Stglzl- 11 + St )§¥; (19)

g;; - exp(StL - StG)

It is apparent from the above equation that the sensitivity
is a function of the place co-ordinate z and different sensitivity
values are obtained at different sets of parameter values.

It has been supposed in the foregoing [cf. Equations (3) and
(4#)1 that the component equilibrium among the phases can be de-
scribed by a straight line starting from the origo. Equilibrium
conditions different from this pattern are often encountered in
practice, and consequently the analytical solution of the above
sets of differential equations is difficult. Furthermore, the
claim for rapid calculations makes it preferable to carry out such
a mass of calculations by a computer. In the following, an analog
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computer programme is shown for the calculation of the sensitivity
The analog computer enables the calculations to be carried out
even in the case of nonlinear sets of equations. The linear case

will be discussed here.

The analog computer pro-
gram for the solution of diffe-
rential Equations (3) and (4) is
shown in Fig. 1. The conditional
equations are such that only the
initial value y{(0) = 1 is known,
but x(0) is unknown, an iterati-
ve solution has to be chosen. In
the course of this, the initial
value fed to the integrator

calculating the function 1is

varied until the condition x(1)=

= O prescribed for the place z=1

Sts | is fulfilled.This procedure can,
with some practice, be carried

&) ;

\\ad out rapidly. It should be noted

here that there exists a method
Fig.l. Programme for the solution for the automation of the itera-
of Differential Equations
(3) and (4) tion.
Having determined the functions x and y, the sensitivity va-
lues can - after a similar iteration procedure - be determined

with the help of the programme shown in Fig. 2.

Figs. 3 and % show the results of the calculations. The
values of the functions x, y, €11 €515 ©1p> and e,, are shown in
both Figures. As it is apparent from Equations (11), (12), (15)
amd (16), the differential quotient of the St numberc with respect
to each other also appears. ‘

When calculating this differential quotient, different re-
sults will be obtained, depending on whether the change in the St
number is due to the vransfer coefficient (Bw) or to the rate of

the phase (vL or vG).



386 P. Arva and F. Szeifert Vol. 1.

~(y—x)

&

@ I ~8gq l{>+e22 .

Fig. 2. Programme for the solution of Equations (11), (12), (15)

and (16)
Since
BwZ
ast 3 (=)
L _ L (20)
aStG B(B:ZH)
G
if Bw changes, but vy, and Vg are constant:
aSt v
355 T TR (21)
G L
if Bw is constant, we have
ast
L
=0 (22)
BStG
The sensitivity curves for a given system (StL = 3.48; St =

= 2.32) and for a case when the parameters St_ and St. change on

L
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Fig.3. Sensitivity of the vari~ PFig.h. Sensitivity of the vari-

ables x and y with res- ables x and y with res-
pect to StL and Stg, if pect to St. and StG, if
the value of Bw is varied v. or v, is varied

(st; = 3.48, st, = 2.32) (étL = S.us, St = 2.32)

account of a change in the transfer coefficient, are shown in Fig.
3. TFig. 4 shows - curves that are the result of changes in vy and
Vg. It is apparent from the Figures that the sensitivity curves
possess an extreme value. The position of the latter depends on
the ratio StL/StG. If the ratio StL/StG > 1, the extreme value at
a high z value, whereas it is found at a low z value if StL/StG <
< 1.

2. Sensitivity of the A.D.P.F. Model

This model is frequently applied for the description of co-

-current or counter-current two-phase operational units. The ana-
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lytical method of the determination of the parameter sensitivity
will be presented here. The model will be described in general for
a system in which the equilibrium function is a linear one, but

the straight line does not, necessarily start from the origo.

The diffusion model may be described in the general form with
dimensionless quantities by the following Equation [1]:

2
a &z, Qi + az(agy + ag - x) = 0 (23)
dz? dz
2
a3 &y | &y ay{agy + ag - x) = 0 (24)
dz? dz
Boundary conditions:
= ay -
z = 0, a3 -~y +1=0 (25)
dz
0 (26)
dz
dx
z =1, aj =— + x - a7 = 0 (27)
dz
& -9 (28)
dz

Parameters a; ... ay are present in the differential equation
and the boundary conditions. Parameters ag and ag mean the initial
values of the functions x and y and are interesting from the point

of view of the calculation.

The set of differential equations pertaining to the sensiti-

Lovity and the conditional equations may be obtained by the deriva-
tion of Equations (24) ... (29). Accordingly, the expression of
the sensitivity with respect to parameter a; (i =1, 2 ... 9) is

the following:

dZe; . de; a%x
8y —=2= - —= 4+ aj(age, ; - e; ;) + by — + b7y - bzx + bg = O
dz? dz ’ 4 dz? (29)
dze2 i de2 i d2y
I i aq(ase2 i - e i) + bj -~ bgy + byx - byg= 0
az? dz i ’ az?

(30)
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The boundary econdition of the set of differential equations
is whe following:

Condition A (i =1, 2 ... 7):

if z = O, we have a —=al e L+ b,

n
2t
H
o
.

and 1.1 _ (31)

. _ i dx o
if z = 1, we have . ‘~§?— + €1, + b,y iz - fo = 0

and — 2,1 _ (32)

Condition B (i = 8, 9):

if 2z = 0, we have e, . =1y
(33)

and

L\)
=
]
]
=

where< e [ =3 H ez’i 3a

The meaning of the quantities a;, b; and fiis apparent from

Table 1.

Equations (23) ... (33) together represent the A.D.P.F.
Model of the ﬁarameter sensitivity with the initial and boundary
conditions. The part pertaining to x and y can be separated within

the model and the solution can be written in the following form:

I
= N
X iElci exp(liz) (34)
Y A, a a
=L ___1___12 A _._6_
y 2, iEl(l 5, 5, Ai)ci exp ( iz) r

where Ai represents the four solutions of the equation
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ajagr® + (a3 - aj)rd - (aja,ag + a,a; + 1)i2 + (a, - a,ag)r = 0
(35)
of the fourth degree,and ¢; represents the solutions of the linear

x

set of equations with four unknowns

811 a12 813 2y ¢y b
821 &22 @23 apy c2 b}
= (36)
agy &3 233 ajy c3 by
ay] &y ay3 ayy cy b}
“he elements of the matrices are the following:
a,; = (1 + alxi) exp Ai
a8
= 1 1,2
821 7 (1 = agd )1 - =y - a, i (37)
a‘3i = A1
a
- i 1,2
2y 7 Ai(l - a, i - e Ai)exp Ay
and
bl =a, by =1, bl=0, b! =o0.

When x(z) and y(z) are known, the sensitivity model is an
inhomogenous differential equation of the fourth degree with
constant coefficients. The coefficients of the argumentum of the
exponential terms causing the inhomogenous part are identical to
the roots of the characteristic equation of the homogenous

equation, and consequently the functions e

1,i(Z) and eg,i(Z) take

the following form:

L
e, ;(z) = L (Ki +Q;z) exp(kiZ) (38)
’ i=1
1 ¥ 1 21,
eZ,i(Z) = =— i)El(l Yy A - ;; Ai)(Ki - L; + Qiz)exp(xiz) -
a
6
bg - b, E;
- (39)
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Expressions Ki, Li and Qi of the equations can be obtained
in the following way:

2 b7 1 81 2
[bl)‘l + 2 (1 - E—z- Ai - ;; Xi) - bz]ci + (1 + 2 alki)Qi
L. =
1 2
a, - Ai - alAi
i=1, 2, 3,14
b a
2 2, b7 1 1,2
(a,ag = 8hf + 0o ) + oo (1= 0y = g 25) - Byl
Qi =cy L +

3 2
3 a5, + 2(a, - al)ki - (a,a; + ajs,8g + l)A:.L

b b 8
3 2 9 1 1,2
a'23'5[(35 Ay - as)(l - a, A - a, Ai) + bh]
+ 3 > 1, i=1,2, 3
3 ajagh; + 2(ay - al)xi -(a,a; + aja,ag+ 1)A:.L

[a,(b,-byas) + a,(b,as-bg)le, + a,(agbg-agb,) + a,(agbatasb,,)

Q, =
8, - 8,85

The values of Ki are given by a set of equations similar to
Equation (36), in which the elements of the matrices are the fol-

lowing:
Condition A:

a,. is the same as in Equation (37)

Ji
I

1T =

by o= f - igl{tl + al(l + Ai)]Qi + blAici}exp A
asbg-agb, L 1 8,

1 = v . -

b = ———— + & {(1- PO Ry Ai)[Li(l a3xi) + byhie, 4 aaqi]}
8,8, i=1 2 2

“ n
b = - T Q

3 i=1 *

1 ! 2 .

1 - - — - . . A,

b= L (1 o M : Xi)[AiLi (a; + l)Ql] exp A,

i=1 2 2
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Condition B:

g1 =1
a
1 1,
a . = (1 =~ =— X, = == A
2i a, i az
53i = }‘1
a
1
a), = (1 - 2 - — A2) .,
i a, 1 a2, i 1
'V o=
b £
asba - aeb-, L 1 a
bl o= e f,+ + D L.(1 - =— A, = — 1a2)
8.28.5 i=1 1 52 1 82
)
b! = - ¥ Q.
2
- i=1 %
L a
1 1 .2
1 = — — - —— -
By = oesty L L1 - 5=y - o AY) ALy - agq;]
i=1 2 2

The solutions of the shape of (3u4), (38) and (39) can be used

only if a, # a8 and a, # 0 and aq £ 0.

1

Table 1 contains the values of bi and fi for a few given
parameters. The meaning of the parameters a; is given in the Table.
The first row contains only such physical quantities with respect
to which the sensitivity was studied. The second row shows the a;
parameters which contain these physical quantities. The values of
the quantities bi and fi vary with respect to which parameter the

sensitivity is examined. These values are found in the Table.

In many cases the operational units are such that the coef-
ficients of the differential equations are not constant. For
example, the rate of one of the phases varies or the equilibrium
connection 1is a non-linear one. Accordingly, digital computer
programmes were prepared in which the set of differential equa-

tions was solved with the Runge-Kutta method.

The sort of differential equations pertaining tc the sensi-
tivities was solved, for the parameters given in Table 2, with the
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above-mentioned method. The Table contains the sensitivity data

with respect to a few more important parameters as a function of z.

3. The Application of Parameter Sensitivity

The knowledge of parameter sensitivity enables a deeper
insight to be gained into the properties of the model and the ope-
rational wunit described by it. From the point of view of unit
operations, it provides assistance in the choice among the models
describing the operational wunit and in judging the merit of a
given model. 1In practical work, it helps to estimate the accuracy

of the calculations.

A few numerical examples, illustrating the application of

the concept of sensitivity, are presented in the following.

In design work, the values of the parameters are taken from
the literature. The sensitivity offers a possibility for the esti-
mation of the degree of accuracy that can be claimed of the data

taken from the literature.

In the wvicinity of a P set of values of the parameters we

may write

x(z:ps)
x{(z,p) = x(z,p ) + El’i(z,ps) ———— Ap,

p; i

and after rearrangement we obtain

x(z,p) - x(z,ps) Ap
= E(ps,Z)1 i
x(z,p_) ’ P

i

i

This equation enables the calculation of the error of the variable
x if the relative error of the parameter (Api/pi) is known. A
similar procedure may also be applied in the case of the variable
v.
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Let us estimate the error made with the application of the
data given in Table 2, if the expression, taken from the litera-
ture, for the calculation of (Bw) is of an accuracy of * 10 %. The
calculation should be carried out for the place z = 1. In this
place, the sensitivity is (cf. Table 2) E = 0.487 and E =

1,8uw 2,Bw
= ~0.139. Accordingly

x(z,p) - x(z,p,)

= 0.1 -+ 0.487 = 0.049
x(z,ps)

y{z,p} - y{z,p])

= -0.1 * 0.139 == ~0.01k
y(z,p.)

that is, an error of 10 % in the value of (Bw) results in an error
of 4.9 % and 1.4 %, resp. in the calculation of the x and y values
in the case of the given system. Similar calculations can also be

carried out for the other parameters.

From the point of view of the operator it is interesting to
know the effect, for example, of fluctuations in the rate of the

phases (v. and v on the composition of the phases leaving the

)

L G
operational unit. Let us consider a deviation of + 10 % from the
predetermined value.In the case of the set of parameters presented
in Table 2, this causes the following deviations in the x(o) and

y(1) values:

x{o,p) - x{o,p)
= -0.1 - 0.297 s= -0.030

x(o0,p)

v(i,p) - y(l,ps)

-0.1 - 0.507T = -0.050

y(1,p.)
As can be seen, this results in a deviation of 3 % and 5 %, res-
pectively. A change of 10 % in the Va value results, after a simi-

lar calculation, in deviations of 2 $ and 6 %, respectively.

In research work the aim is frequently to determine the

values of the parameters from the experimental data.If for example
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we want to determine the D; mixing coefficient from measured
values of x(t), and the latter can be determined only with an
accuracy of 10 %, the érror made in the calculation of the param-

eter is the following:

Ax
AD =
L = E_x_— = 0.1 " 0.1k
DL l,DL(l)- 0.7

Accordingly, it can be calculated with an error of 1 % from the
data referring to the place z = 1. The same parameter, when calcu-
lated from the measured values of ¥, could be determined only with
an error of 25 %. The sensitivity with respect to EG is such that
its value could be determined with an error even greater than the

previous one.

In modelling operational units, a boundary value problem is
usually encountered. If we want to use a digital or analog compu-
ter in the calculations, the values of the functions taken at the
initial points (z = o) have to be given and the solution which
satisfies the boundary conditions has to be found by the iteration
method. Table 2 also contains the sensitivities with respect to
x{o).The absolute value of these is so high that a small deviation
from the actual value in the determination of x{o) and y(o) causes
a large error in the values of x{z) and y(z). This is the explana-
tion of the fact that two-phase countercurrent operational units
cannot be modelled with an analog computer. With the latter, the
setting of the x(o) and y(o) values is possible only to a limited
accuracy (1-2 %) and even such a small deviation from the actual
value causes x(z) and y(z) values to be obtained that are techni-
cally unreal. This difficulty is considerably decreased by the use
of digital computers, due to the high degree of accuracy that can

be realized.

The above examples clearly illustrate the importance and
wide range of applicability of the knowledge of the sensitivity.
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SYMBOLS USED

parameters (cf. Table 1)

axial mixing coefficient (m2/sec)

D
€5, sensitivity of the jth dependent variable to alter the
>

value of the ith parameter

EJ ; dimensionless sensitivity of the jth dependent variable

kd

according to -the ith parameter

H Henry-constant (dimensionless)

Pe Peclet-number (dimensionless)

5t Stanton-number {(dimensionless)

v linear flow rate of the phase (m/sec)

Z length of the column (m)

4 space co-ordinate along the length of th¢ column
(dimensionless)

x concentration of the absorbed component in the liguid phase
(dimensionless)

Y concentration of the absorbed component in the gaseous phase
(dimensionless)

x axis section of equilibrium line (dimensionless)

Bw component transfer coefficient, as referred to unit volume

. (sec™)

Indices

b} refers to the dependent variable (the concentration in the

liquid phase is j = 1, that in the gaseous phase is j = 2)
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i refers to the parameter
L liquid phase

G gaseous phase
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ABTOpaMW onpeaenseTCA NowATHe HYBCTBUTENLHOCTH MapaMeTpa 4/n
AUBDYIHOHHBIX 3NEMEHTOSR Mpouecca, v paccMaTpuBawTCA MOgenw ANR ero
Bu4HMCeHHA. Mogens WABANLHOrO BHTESCHEHWR ANA AByX$asHoXx NpoTHBO-
TOYHEX 3NeMeHTOB Nnpoyecca COoAepwuT gBa, a Auddy3MoHHAR Mogens,
MMEWAA B BMAY W OCeRoe cMewWBaHMe, HeTHpe OeapasmMepHuXx MapameTpa.

B oboux mogenax HCMNONL3YRTCA MHOMO QUIMYBCHHX B8/NMYUH a8 Takwe se-

NHYHH, XapaKTepu3ylwux 3aBO4CHHE YC/0BMA B BupameHUAX (e3pa3MEpHbIX

napameTpoa.
B pa6oTe onucwsaertca u GHANUTHYECHOE PEWEHME AR BHYMCACHWUE
HyBCTBUTEALHOCTEH,
TeopeTudieckue supamenus AONCAHAKTCA YWCAOBEMM NpHUMEpaMu, pe-
WaeMuMK HA aHANOroBEX WM UMOPOBLIX BHYNCAHMTENLHEX MaWHKax, M TaHuM

06pa3om, NOKa3IbBaeTCA W NPAHTHHECHOE NPUMEHEHME YYyBCTBWHTEABHOCTH
napameTpa.
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In addition to parameters such as temperature,
pressure, quantity of streaming material, as well as
various other physico-chemical parameters,the quantity
of heat is a very important characteristic figure in
the chemical, pharmaceutical, and energetical indus-
tries, etc., and any other industrial branch where
thermal energy is used or produced. Until a few years
ago, the simple, accurate and reliable determination
was solved by the development of the Digital Calori-
meter type DIGITCALOR NORX QM-121. (Hungarian Patent
No. 158.601 of the United Chemical Works.)

The above-mentioned continuous-operation, digital
calorimeter enables the quantity of heat brought into
or carried away from a system by a streaming medium to
be determined, both as an instantaneous value and as
one integrated for a given period of measurement.

PRINCIPLE OF OPERATION

The quantity of heat absorbed or emitted by a system can be
determined on the basis of the following equation:
\

N Q =V y c AD kilocalories/hour (1)
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where
V is the amount of heat transfer medium (cu.metre/hour)
vy is the density of the heat transfer medium
(kg force/cu.metre)
¢ is the specific heat of the heat transfer medium
(kilocalory/kg force.®C)
6 = Ot ~ 9. is the temperature difference in the heat
transfer medium.
The quantity of heat absorbed or emitted by the system during
a period T can be determined by the equation
T

Q =c vy J V Ao at
(o)

or, using summarization instead,

Q=rcy
i

V. AD, At. . (2)
1 1

n
_ 1

o]

The algorithm of the operation of the digital calorimeter is
given by Equation (2).

The amount and temperature difference of the streaming heat
transfer medium is measured, the product of the two values is pro-
duced, corrected by the constant c Y, and the results obtained are

summarized for a given measurement period T by the instrument.

It follows from the algorithm of the operation that the fol-

lowing conditions are to be fulfilled in the measurement:

1. No process involving a latent heat (change in physical
state, and chemical reaction, etc.) may occur in the heat transfer

medium.

2. The specific heat and specific gravity of the heat trans-
fer medium can be regarded as constant and their temperature de-

pendence can be neglected.

The above conditions are met with in the overwhelming majo-
rity of measuring tasks and in such cases the calorimeter operates

at the prescribed level of accuracy.

The block diagram of the instrument is shown in Fig.1.
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14

Fig. 1

The volumetric flow rate of the heat transfer medium flowing
into system 14 is measured by turbine-type flowmeter 1. Quantity
meter 3 transforms the output signal of the turbine-type flowmeter
- which is an approximately sine-wave signal of a voltage higher
than 10 mV and of a frequency of 0O to 2000 Hz - into a train of
pulses corresponding to the level of the TTL logic. This signal is
conducted to the first input of AND-gate 7.

The temperature of the medium on entering and leaving 1is
measured by resistance thermometers 2. Temperature difference
measuring unit 4% converts the signal of the resistance thermome-
ters into a DC signal: a DC voltage proportional to the tempera-
ture ‘difference appears at its output. This voltage is compared to
a lineary varied reference voltage by comparator 6. The reference

voltage is produced by generator 5. A time-code, proportional to

"
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the temperature difference, appears at the output of comparator 6
in the form of a logic signal of varied switching ratio.The latter
signal controls the second input of AND-gate 7 and consequently
the AND-gate is open and allows the pulses of the quantity meas-
uring unit to pass for a period proportional to the temperature

difference.

The number of pulses appearing at the output of the AND-gate
is proportional to the product of the signals conducted to the
input of the gate, that is to say, with the heat quantity.

The pulses appearing at the output of AND-gate 7 are counted
by counter 8. The content of the counter passes intermediate stor-
age 9 and is shown in a digital form by display 10. Summarization
is carried out - via frequency devider 11 and switching ampli-
fier 12 - by electromechanical pulse counter 13.

Fig. 2 illustrates
the time diagram of the
operation showing: the
analog signal of tempera-

ture difference meter 4 ’v
the linearly varied refe- -] ) t

rence voltage; the con- ~— Tp‘—°J

trolling signal of compa-
rator &,the output signal t

of quantity meter 3, and - TO _] f

the +train of pulses ap-
pearing at the output of 4 , HM”J ’

the AND-gate.

pulse train, whose fre- 5

Accordingly, if the ”

quency is proportional to
the quantity of the stream-

ing medium, is multiplied Fig.2. Diagram of operation plotted
against time 1: linear reference
voltage; 2: voltage proportional
onal to the temperature to temperature difference; 3:
output of comparator (6); 4: out-
put of guantity meter (3): s5:
AND-gate (sampling mul- output of AND-gate.

by the time code proporti-

difference by means of an

T T —
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tiplication), the number of pulses appearing at the output during

one period is
N=fT =%k V A©
o

where

f is a frequency proportional to the quantity (sec”

)

T is the time code of the temperature difference, i.e. the

"open" time of the AND-gate (sec)

k is an instrument constant (cf. Fig. 2).

MEASURING UNITS

The simplest calorimetris system comprises the following

units:

L+ ]

[1596] foo1as55 |}
®

DIGITCALOR NEVIKI

Fig.3. 1 - heat source or heat sink
2 - heat transmitting medium

- TURBOQUANT, turbine-type

flow meter

- resistance thermometers
in the entering and leav-

ing medium

- electronic section of ca-
lorimeter type QM-121
(Fig. 3).

The system composed
according to the above ena-
bles the instantaneous value
of the heat quantity or its
integral for a given period

of time to be determined.

The instantaneous
value is seen on the digi=-

tal display of the in-
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Turboquant QM 121-09 [_—_: —3
(:)———~——— adapter
DIGITCALOR
Fig. 5. Measurement of quantity

Wwa®s .
a@; ] ==
QM 121-10 DIGITCALOR
adapter

Fig. 6. Measurement of temperature difference

O~ ] =
QM 121-11 I DIGITCALOR

adapter

Fig. 7. Measurement of temperature

basic signal

@O CL—'-‘ [] >
| DIGITCALCR
|

TYRISTOR
CONTROLLER

HEATING

220 v

Fig. 8. Temperature regulation
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strument, whereas the integral value of the heat quantity can be
read from the electromechanical Pulse counter built into the front
plate of the instrument.

Further data acquisition systems can be connected to the
electronic system of the calorimeter; these are illustrated in
Fig. u,

The construction of the calorimeter type QM-121 also enables
further parameters to be measured, such as quantity (Fig.5), tem-

perature difference (Fig.5) and temperature (Fig.7).

Fig. 8 shows an interesting measuring setup: by means of
thyristors and thyristor controllers, the electronic section of

the calorimeter is used as a temperature controller.

INDUSTRIAL APPLICATION

In the description of the fields of applicatien, only those
concerned with calorimetric determinations were mentioned. As a
consequence of the wide variety of the production and consumption
of thermal energy, it is not the aim of the present paper to
attempt complete coverage of the field. A few typical possibili-
ties of application are shown and,within these, some technological
applications of particular interest from the point of view of che-
mical industry are described.

Measurement of energy production. In this field, the deter-

mination of the heat energy {e.g. hot water) or cold energy (e.g.

refrigerated brine) produced by energy producers (e.g. thermal ’

power stations, and refrigerating stations) is the most, important

task.

The measurement of the heat quantity produced enables con-
tinuous producticn control o he carried out, which is a basic

condition of maximum efficiency.
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Measurement of energy consumption. The calorimeter enables

the energy consumption of a factory, and within this, that of a
manufacturing plant or a sub-unit to be measured. The quantity
thus determined can also be used for accounting purposes. The
energy consumption may represent a considerable fraction of the
costs of the production of goods, and consequently, an exact cal-
culation or determination of costs is quite impossible without the

measurement of energy.

Technological measurements. The heat effects of chemical re-

actions are in a quantitative connection with the progress of the
reaction and consequently the measurement of heat quantity enables
conclusions to be drawn on the progress of a reaction. This may be
especially important in cases where no other simple technique of

checking is available.

As an example of the application of the Digital Calorimeter
for technological purposes, the thermal measurements carried ont
at the Chinoin Factory for Pharmaceuticals and Chemicals will be

described.

In the course of fermentation, biological heat is produced
as a consequence of the oxygen uptake of the micro-organisms. The
heat produced is dissipated by cooling water.The amount of cooling
heat and its input and output temperatures are measured by the
Digital Calorimeter. Accordingly, the measured calories give the
amount of heat carried away by the cooling water. This is, of
course, not identical to the amount of biological heat produced,
but the effect of other parameters on the energy balance can be
neglected or can be taken into consideration in the evaluation, in

view of the fact it is constant.

The results of the measurements are shown in Figs. 9 and 10.
Fig.9 shows the thermal pattern of a normal fermentation reaction.
It is apparent that there was a period of initial intensive respi-
ration (1), followed by a decrease in the biological heat produc-
tion due to the decrease in the guantity of carbohydrate present

in the fermentor (2), i.e. the necessity of carbihydrate addition,
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kio J. Farkas and F. Moln&r Vol. 1.
and the effect of the ad- e
dition (3). The repeated -EE 1
decrease in carbohydrate N 2
concentration was counter- EE /\., 2 1
acted by renewed addition, §§ \j WJ
and the effect of this is oy
seen in section (5). poote
QU X
Fig. 10 shows the <>
progress of fermentation
where infection occurred. time (hours)
After the initial active Fig. 9.
respiration period (1) a
pronounced decrease in
biological heat produc-
tion can be observed (2) o
which indicates a decrease :§ s ;;ﬁx
in respiration and active ;§
material production as Eg’ ‘
well. 52
o
Results gained in Z¢ 2
the caloric measurements E‘E%
agree well with those of ;\JL; La'

urements; however, the
connections and discrepan-
cies could not be elucida-

ted in all respects.

time (hours)

The following of chemical reactions with the Digital Calori-

meter 1is of considerabla value hecause

the rrogress  of +he reantli

R
With practically oo irlay,

measures Yo be taken.
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changes. However, these can be decided only afterwards, after car-
rying out a time-consuming evaluation. On the contrary, the meas-
urement of biological heat 1is fast and it supplies information

characteristic of the essence of the process.

In our opinion, the possibility for the determination of the
heat of reaction may become a valuable quantitative parameter in

the control of chemical industrial processes.

In conclusions, +the technical data of the calorimeter type
DIGITCALOR NORX QM-121, described in the foregoing, are set out

here:

Range of quantity min. 0.03 to 0.3 cu.metre/hour
determination max. 50 to 500 cu.metre/hour

Range of temperature min. 0 to 10°C

difference determination max. O to 100°¢C

Accuracy 1%

Sampling frequency max. 2 seconds

Functions determination of instantaneous value
integration

Display instantaneous value: 4 decades

integral value: 6 decades
Frequency divider of
integrator 1:1,000; 1:10,000
Output for teleintegration by electrochemical

pulse counter

voltage 24 Volts

current 30C milliamperes
Mains voltage 220 Voits, 50 Hertz
Ambient temperature +5 to +50°C
Fower consumption & voltamperes approx.

Dimensions 230 x 110 x 387 millimetres
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Weight 5.5 kg force
Form laboratory or instrument board pattern
FE3RME

Hpome remnepatypw, AEBNEHWA, WHTEHCHBHOCTH TOMA M PASZAMYHLIX
PHIHUHO =~ XUMHYBRCHUX MapamMeTpoB B XMMHYECHOMH, neKapcTBeHHol, 3Hepre-
THYECHOA MPOMBIWABHHOCTH, W B APYrux oGnacTAX NPOMBWABHHOCTH, B HO-
TOPBIX TEN/N0BEA 3HEPrHA NOTPEGNAETCH WAM NPOM3BOAMTCA, 3HAHME HONM-
YeCTBa TeNna umeeT 6ONbUOE 3HAYEHHE. MpocToe, To4Hoe wu AoCTOBepHoe
MSMEDEHHE 3TOH BENMYMHL BCTPEYANO GonbuMe TPYOHOCTH [0 nocnegHero
BpemMenn. [lna ycTpaWeHWs 3Toro HeqocTaTHa COTPYAHHHKM HHCTHTYTa Bh-
paboTtanu yugposon Tennomep Thna "Digitcalor NORX QM-121",

3710T uugposok TENNOMED HEMPEpPWBHOrO  [EeACTBHA nNpurogeH ana
M3MEPDBHHMA MMHOBEHHOrO 3HAYEHWA M CyMMal Tenna, BBEBNEBHHOrO B CuCTemy

H OTBEOBHHOIMO M3 CUCTEMW TeHywed cpeqgow.
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“nemical Engineering)
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~
5,6,7,8-tetrahydro-2,3-methylenedioxy naphthalene
is formed from safrole through y-{3,4l-methylenedioxy
phenyl)-butyraldehyde as an intermediate under hydro-
formylation conditions in the presence of Coz(CO)B as
catalyst. Ring closure is regarded as an intramolecu-
lar electrophilic substitution catalyzed by HCo{CO)y .

The hydroformylation reaction, a typical petrochemical indus-
trial process, has also increased in importance in synthetic
organic chemistry. Hydroformylation of natural products can lead

to new substances with unusual biological activity.

Eug
200-40C atm. CO + H , Co,(C0)g as catalyst) forming - among other
mere  usual products - 5,6,7,8-tetrahydro-3-methoxy-2-naphthol

with 30-40 % yield [11. The results reported gave no conclusive
evidence for the mechanism of ring closure in the formation of the

tetralin carbon skeleton.
Experiments performed under similar conditions (150°,
i00-300 atm. CO + Hp, O.4 mole % Co,(CO)g as catalyst) have now

shown that the same ring closure also takes place in the case of

*Hungarian Oil and Gas Research Institute, Veszprém
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safrole (I) as the starting material. The product of a typical ex-

periment had the following compositicn:

o

dihydrosafrole (II) 48

5,6,7,8-tetrahydro=-2,3-
methylenedioxy naphthalene (III) 24

o® g

cll aldehydes (IVa, Va, VIa) [
Cll alcohols (Vb, VIb) 3%
high boiling products 21 %
_ ) c)
0 0 0 (d)
<°m <Om (X (4)
{(b) (c)
I 11 111
Ehd
}d) (e) (d) (e) (d)
0 f 0 e
X, I o E M (()” X » ()
c c c
TR > (g) X7 (9
{h)
Iva Va Via
(h)(i)
(d) (e) (d) (e) (d) [HaOH
ol gl ST YT
(e) i om V(g 1) (q)
(h) (i) (b) (b)
Ivb Vb Vib

If the reaction was followed by taking samples from the auto-
clave at  regular intervals, aldehydes IVa, Va and VIa were found
to Le the intermediates whereas dihydrosafrole (II), the cyclic

reaction product IIT

o
{L
ot
o

¢ alcohols Vb and VIb the end products.

This observation suggested the following scheme of reactions:
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v 111
Coz(CO)a /I a
(1)
Co + H, \Va Vb

VIa Vibv

With the exception of IVa — ITI, all steps of the above
scheme fit into the usual pattern of reactions observed during

hydroformylation of olefins and therefore require no comment.

To investigate the mechanism of the ring closure reaction,
safrole was also hydroformylated with Rh, (CO);, as a catalyst. As
shown in Table 1, rhodium forms only negligible amounts of
compound III. If the Co0,(C0)g catalyst was modified by adding
P(n-C4yHg)3, dihydrosafrole was the only product of the reaction.
Obviously unsubstituted cobalt carbonyls are the favoured catalysts

for ring closure.

Regarding the pathway of ring closure, evidently there are
two alternatives: both the n-butanol derivate IVb and the n-butyr-
aldehyde derivate IVa may be visualized as intermediates. To
clarify this point, two reaction products obtained with Rh,(C0),,
as catalyst at 110 and 180°C were subjected (after distillation to
remove dissolved Rh) to further treatment with CO and Hy in the
presence of Co,(C0)g as a catalyst. Table 2 shows the results
which within the errors of GLC analysis prove aldehyde IVa to be

the intermediate compound during the formation of ITI.

WENDER and co-workers [2] have found that pinacol is trans-
formed wunder hydroformylation conditions in the presence of
Co,(CO0)g to products which can best be explained by acid catalysis
due to HCo(CO),, a strong acid in polar solvents. Our results can
also be interpreted by intramolecular electrophilic substitution
of the benzene ring caused by the protonation of aldehyde IVa and
the subsequent hydrogenation [3, 4] of the benzyl alcohol deri-
vate VII to the corresponding tetralin derivate, both reactions
catalyzed by HCo(CO),:
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0 1 0 2 o
<o {HCo(C0)4) <o “3 . <0
H qu

i :
V' OH OH
0
IVa VII
B NS
Ha (+CO) <o l =
PR
(HCo(CO0)w)  OTNF
111
Table 2. Treatment of the aldehydes IVa-VIa (experiment A) and of

the alcohols IVb-VIb (experiment B) witk CO + H, (150°C,
200~300 atm.) in the presence of 0.4 mole % Co,(CO)g as

catalyst
In starting mixture, In reaction product,
Compound £
Exp. A Exp. B Exp. A Exp. B
11 2 3 i 8
ITI <1 < 1 33 2
IVa 27 - b -
Va Lt - 3 -
Via 25 - 2 -
IVo - .29 - 33
Vb - 57 13 0
VIb - 8] G 3l

nigh beiling - =~

e
"
bl

The proposed Sg mechnanism is supported by the obsarvaiin.
that the ring closure reaction is strongly dependent on the uo.a-

rity of the reaction medium. In two parallel experiments pev’ svime:
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in hexane and 1,2-dimethoxy ethane as solvent the yield of III was
7 % and 33 %, respectively. At the same time, the amount of high
boiling products was much higher in hexane (25 % and 10 %, respec-
tively) showing that aldehyde IVa = which is transformed mainly
into III in a polar medium - 1is very reactive under hydreformyla-
tion conditions and polymerizes if the conditions are unfavourable

for ring closure.

Our experiments performed with eugenol as a substrate also
revealed a similar mechanism for the ring closure reaction in this
case. Typical experimental results which show that the n-butyral-
dehyde derivative is the precursor of the compound with the tetra-

line skeleton are summarized in Table 3.

Table 3. Treatment of the aldehydes IVa'-VIa' (experiment A) and
alcohols IVb'-VIDb! (experiment B) formed from eugenol
with €O + H, (150°C, 200-300 atm.) in the presence of
0.3 mole % Co,(CO)g as catalyst

In starting mixture, % In reaction product, %
Compound*
Exp. A Exp. B Exp. A Exp. B
T 9 12 5 10
ITIe - 22 ko 19
Va' 37 - - -
va' b7 - 1k -
Ta? 7 - N -
vb! - 1k - 1k
Vb - 35 - 35
Vib! - 17 - b
tuiling - - 37 8
*he aumbering  of eugenol derivatives is based on that of the
‘tgous safrole derivatives, the primes indicating that these
N cunds  cvontain a methoxy and a hydroxy group instead of the

mothylenedioxy group in safrole.
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The treatment of isosafrole and isoeugenol with synthesis
gas in the presence of Co,;(C0)g at 150° yielded almost exclusively
the corresponding dihydro derivatives, whereas with Rh,{(CQ),, as
catalyst at 100° only the branched chain aldehydes were formed.

EXPERIMENTAL

Hydroformylation of Safrole

162 g safrole and 1.3 g Co0,(CO0)g (0.4 mole %) were charged
in a 1000 ml stainless steel rocking autoclave in which a carbon
monoxide + hydrogen mixture (1:1) was compressed to 230 atm. The
autoclave was heated to 150 + 5° and maintained at this tempera-
ture for 4 hrs. 56 N1 of gas was consumed during this time which
amounts to 2.5 mole of gas per mole of safrole. The reaction pro-
duct (184 g) was discharged and distilled at 140-190°C at 10 Hgmm.
The distillate (145 g) was analyzed by GLC (Chromosorb P with 10 %
QF-1 at 180°C). The bottom (34 g) was decanted from the metallic
cobalt formed by the decomposition of Co,(C0)g and was investi-
gated by IR spectroscopy which showed the presence of oligomeric

derivatives of safrole or its carbonylated derivatives.

If desired, samples can be taken during the high pressure
reaction from the autoclave, and processed and analyzed as indi-

cated above.

Experiments with Rh,(C0);, or Co,(C0)g + PBuy as catalyst,
as well as the hydroformylation of eugenol were performed simi-

larly.

Identification of the Tetraline Derivative III

The compound was isolated by fractional distillation
(bp. 109°C/7 Hgmm). It forms white crystals and melts at 38°C (un-

cerrected).
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The cryoscopic MW determination (in benzene) gave 172 % §,

the mass spectrometric mole peak (Finnigan Mod. 3000) was at m/e =
= 176, these suggested the formula C; H;20, (cale.: 176).

The structure was assigned on the basis of the Ty-NMR spectra
(CC1, solution, TMS, 60% and 100%* MHz).The signals observed were:
§; = 1.66 ppm, br. multiplet at 60 MHz, ill-resolved quintet at
100 MHz with J;= 0.3 cps, Jp = 0.4 cps, 4 H, (d)***; §, = 2.53 ppm
ill-resolved multiplet, 4 H, (c); 63= 5.66 ppm, singlet, 2 H, (a);
8§, = 6.30 ppm, singlet (even at 100 MHz), 2 H, (b).

Identification of Aldehydes IVa, Va and VIa

The compounds were isolated by fractional distillation and
subsequent preparative GLC using a 4 m x 8 mm column packed with
10 % QF-1 on 30/60 mesh Chromosorb W operated at 180°C with 0.9
atm. H; carrier inlet pressure. The fractions were collected at

room temperature.

The mass spectrometric mole peaks (MS-902, AEI, 70 eV) cor-
respond to the supposed formula Cj;H;,03 (calc. 192).The M-15 peak
is lacking at IVa, M-29 is the base peak at VIa, since M-29 are of
very low - and nearly equal - intensity at Va and IVa, thus this
process should be attributed to the loss of C,yHs and not to that
of CHO. The base peak at IVa and Va is the methylenedioxytropylium
ion (m/e 135). Other less pronounced features of the spectra are

in agreement with this picture.

The lH-NMR spectra fully agree with the MS assignement. The
main characteristics of the NMR spectra (CCl solution, TMS,
60 MHz) are as follows. IVa: é§; = 1.85 ppm, quartet, J, = 7 cpSs,
Jp = 8 cps, 2 H, (e); 86 = 2.4 ppm, multiplet (6 visible peaks),

*Varian T-60
#%¥INM PS~100 and XL-10CO
*%¥¥fcr assignment see letters of the formulae



1973 Hydroformylation of Safrole k21

4 H, (f,g); 83 = 5.87 ppm, singlet, 2 H, (a); 64 = 6.65 ppm, one
peak, 3 H, (b,c,d); &5 = 9.79 ppm, triplet, J = 1.4 cps, 1 H, (h);
Va: &; = 1.03 ppm, doublet, J = 6 cps, 3 H, (g); 6, = 2.2-3.2 ppm
multiplet, 3 H, (e,f); 63 = 5.88 ppm, singlet, 2 H, (a); &, = 6.6k
ppm, one peak, 3 H, (b,c,d); 85 = 9.75 ppm, doublet, J = 1.0 cps;
1 H, (h); VIa: &, = 0.88 ppm, triplet, J = 7 cps, 3 H, (g); &, =
= 1.30-2.15 ppm, multiplet, 2 H, (f); &3 = 3.26 ppm, triplet,
J=6cps, 1H, (e); 6, = 5.94 ppm, singlet, 2 H, (a); 85 = 6.67
ppm, one peak, 3 H, (b,c,d}; 8¢ = 9.65 ppm, doublet, J = 1.6 cps,
1 H, (h). The most characteristic bands are those of the methyl
groups for IVa and Va as well as the bands of the aldehydic protons
with special regard to the multiplicity of these bands. These data
together with the MS spectra reveal a consistent system of evidence

vhich supports the structural assignment given in formulae IVa-VIa.

IR investigations were in accordance with the above state-
ments; aldehydic v(C-0) (1630 em 1) and v(C-H) (2730 em™}) bands
are present in the spectra of all the three compounds. Bands
characteristic for methyl v(C-H) and v(C-H) vibrations are absent
in the spectra of IVa, while present in those of Va and VIa. The
bands characteristic for the ~0CH,;0- group (v(C-H): 2780 em™1,
C-0-C bands: 1248 and 1050 cm-l) are present in all spectra while

olefinic absorptions around 1000 em™t are missing.

Cryoscopic and osmometric (both in benzene) MW measurements
(to control the order of magnitude of the MS mole peak measure-
ments) gave 192 * 6 which agrees well with the supposed formula
(C11Hy203) as well as with the mole peak (m/e = 192).

Identification of Alcohols IVb, Vb and VIDb

The compounds were separated by means of preparative GLC
using a 2 m x 8 mm glass column filled with 22 % QF-1 on 60/72 mesh
Celite, at 220°C column temperature and with 140 ml/min Ar carrier.

The fractions were collected at -14°¢C.
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Our structural assignment is mainly based on the mass spectra
(MS-902, AEI, 70 eV). The mole peaks m/e 194 (48, 29, and 30 re-
spectively) correspond to the supposed formula C;;H;,03. The base
peak is in all cases the formation of the methylenedioxytropylium
ion, m/e = 135 (100). The loss of the hydroxymethylene group (M-31)
shows a characteristic trend, the intensity of the corresponding
peak decreases sharply with the distance of this group from the
aromatic ring: 86 (IVb), 15 (Vb), 9.6 (VIb).

The mass spectral assignation was supported by IR and NMR

spectra.

The presence of the v(0-H) bands (3350 cm_l, s, br.), the
characteristic absorptions of the dioxymethylenephenyl group
(v(C-H) (0-CH,-0) 2780 cm—l, mw; v(C-0) (C-0-C) 1248 vs and 1050
cm-l, s) 1is a common feature of the three compounds. The absence
of an olefinic double bond stretching band (~1000 cm_l) as well as
aldehydic v(C-H) and v(C-0) bands indicates the change of the ori-
ginal safrole and intermediate aldehyde structure. v(C-H) (methyl)
bands are absent in the spectrum of IVb while present at Vb and
VIb. The CH3:CH; (C-H str. band)intensity ratio is 1:1 (as suppo-
sed) at VIb, while it is far from the theoretical at Vb which can
be attributed to the frequency shift of the v(C-H} absorptions of
the methylene group directly attached to the aromatic ring.

The HI-NMR spectra of the compounds show the following main

features (CCl, solution, TMS, 60 MHz). IVb: 6; = 1.35-1.75 ppm,
br. multiplet, 4 H, (f,g); 63 = 2.50 ppm, ill-resolved triplet,
2 H, (e); 63 = 3.08 ppm, singlet, 1 H, (i);64, = 3.50 ppm, triplet,
J =6 cps, 2 H, (h); §5 = 5.86 ppm, singlet, 2 H, (a); 8g = 6.62
ppm, one peak, 3 H, (b,c,d). Vb: 6, = 0.85 ppm, doublet, J = 7.5
cps, 3 H, (g); &, = 1.35 - 2.05 ppm, multiplet, 1 H, (f); §3 =
= 2.35 ppm, doublet, J = 7.5 cps, 2 H, (e,i)*; &, = 3.37 ppm,
doublet, J = 6 cps, 2 H, (h); 65 = 5.89 ppm, singlet, 2 H, (a);
8¢ = 6.63 ppm, one peak, 3 H, (b,c,d). VIb: §; = 0.83 ppm, triplet,
J =6 cpsy, 3 H, {(g); 8 = 1.15 - 2.20 ppm, multiplet, 2 H, (£);

®*The OH signal is most probably concealed by the (e) doublet.
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§3 = 1.95 ppm, singlet, 1 H, (i); &4 = 2.25 - 2.80 ppm, multiplet,
1H, (e); &5 = 3.58 ppm, doublet, J = 7 cps, 2 H, (h); &6 = 5.90
ppm, singlet, 2 H, (a); 87 = 6.65 ppm, one peak, 3 H, (b,c,d).
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PE3iOME
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THE PRACTICAL USE OF THE PARAMETER SENSITIVITY CONCEPT
P. ARVA and F. SZEIFERT

(Department of Chemical Process Engineering,

Veszprém University of Chemical Engineering)

Received: December T, 1972.

The numerical values of parameter sensitivity
based on the data of the previous%y discussed experi-
ments and the practical wuse of these values are
discussed here.

The sensitivity of concentrations existing either
in liquid or in the gas phases were calculated on the
base of the Piston Flow (P.F.) model. In these calcu-
lations the values of the transfer coefficient of the
unit volume and the flow rates of the phases were
taken into account. A valuation method is presented
which can be used for the calculation of errors in the
determination of the parameters. Such errors are due
to inaccuracy in the determination of the concentra-
tions. The data of the parameter sensitivity are ap-
plied in the valuation of the effects of changes in
the operation of absorption columns.

Valuating the Axial Dispersed Plug-Flow (A.D.P.F.)
model, the numerical values of the sensitivity as the
function of both the mixing and mass transfer coef-
ficients of the phases are presented, and the approxi-
mate calculation errors of these data are given. A
comparison was drawn between the P.F. and A.D.P.F. mo-
dels wusing the sensitivity data calculated by the
mixing coefficients determined in a given experiment.

In the first paper of this series [1] an experimental method
scussed which can be used for the determination of the com-

concentration of phases existing in a packed absorption
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The mathematical description of counter-current absorption
was presented, based on both the P.F. and A.D.P.F. models. The de-
termined and calculated concentration distribution data were com-

oArec.

In the second paper, the parameter sensitivity of the models
7 two phase operation units was discussed and its method of de-

1 nation was presented.

he parameter sensitivity was defined by the partial change

sutic of the concentrations existing in the phases:

o
b
-
Lol
n
kel

7 %x. 15 one of the dependent variables (e.g. the concentration

s obscrsed component in the liguid phase), and 1= is the i-th

suerer {e.g. the mass transfer coefficient). Eg. 1. shows that

=<nsitivity of the j-th variable from the i-th parameter (ei i)
a7

mis  on the locus co-ordinate {z) and on the values of the

vdrameters. It 1s

o}
Glmensionless form:

)
D
o

-1 this paper the practical use of the parameter sensitivity
:s discussed, the data of the previously published experi-

re utilized in the examples.

“ised on the P.F. model, the transfer coefficient (5w)i WAS

-.ated at given liguid and gas feed rates. Knowing these, both
.- tne ligquid and zas phases the sensitivity of the soluble com-
pwoent concentraticn was determined at different parameters [{au?,

‘-’: , ~.G;.
i'sing the A.D.P.F. model, similar calculations were carried

e
Cut. but here in addition to the *ransfer coefficient (Ru!. the

cI ©both phases (D; and DG) were also

P
i

axial mixing
t

B 1zed as paracctecs.

ften more expedient to write the sensitiv-

>
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The calculated values of the x(z), y(z) and ejli(z} functions
of three runs are presented in Figs.l to 6. If the volumetric feed
rate of the absorbent is 100 litres per hour and the flow rate of
the gas is 2,000 litres per hour, the value of the mean transfer
coefficient calculated by the A.D.P.F. model was (EE)i = 3.81x107°
one per second (StL = 2.3, StG = 7.6). The calculated concent-
ration distributions x(z) and y{(z) are presented in Figs. 1 and 2.
If the alteration of St numbers is caused by the variation of the
transfer coefficient, the sensitivities at different StL and StG
dimensionless values as the functions of the column height are
presented in Fig. 2, but in this case the St numbers change due to

the flux of the given phase.

The construction of Figs. 3, 4, and 5, and 6, are the same,
but they are valid for different working characteristics of the
column. E.g. Figs. 3 and 4 represent the conditions if the feed

L
per hour; and Figs. 5 and 6 if BL = 50 litres per hour and BG =

rates of the phases are B, = 100 litres per hour,BG = 6,000 litres

= 8,000 litres per hour.

1.0-] 1.0—\
X
X,y -y
el. i
el’j s
] 0.5
0.5 y y
x £2.1
1
0 — 0
1,0 z - 1.0
e
e, €1.2 €2,2 ©1,2
e, 1.1%°2
2,1°°
Fig.l. The alteration of liguid Fig.2. The alteraticn cf liguid
aend gas phase concentration and gas trhase concentration
sensitivity with the transfer sensitivity with the flow rates
coefficient (éu)i S§t, = 2.3C; ¢cf -2 phases; StL = 2.30;
St, = 7.€0 St,. = 7.6C
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e 1.0
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Fig.3. The alteration of liguid Fig.l. The alteration of liquid
and gas phase concentration and gas phase concentration
sensitivity with the mean trans- sensitivity with the flow rates
fer coefficient (Bm)i; St = .08 of the phases; St; = 4.08
St = k.51 St = k.51
]
1.07
1.
X,y
X,y e. .
1)J
€. .
1,3
0.5
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Fig.5. Tbhe altevacicon 2f liquid Fig.6. The alteration of liquid
and . gss rhase ‘Lrrentration end gas phase concentration
sensitivity ¢ n trans- sensitivity with the flow rates
fer coeffi:-- - C of the phases; StL = 2.70;
St, = 2.70; . . St., = L.12
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The data of the run characterized by the feed rates BL = 100
litres per hour and B, = 6,000 litres per hour were also evaluated
based on the A.D.P.F.model.In Table 1 and 2 the following data are
listed: the calculated dimensionless parameters, the concentration
distribution and the data of dimensionless sensitivities calcula-
ted at some parameters.

1. The Piston Flow Model

Based on the examination of functions presented in Figs. 1
to 6, the following can be stated:

If the changes of the St number are due to the alteration of
the (em)i then for the sensitivities being valid at the top and
bottom of the packed height, the following inequalities hold:

= e} >
ey st el’,'_(\,) o]
i

e. . = e, (1) < ¢C
2,8t 2,30 ) e
- - e

e = e icr > C
l,StG L2

e, . = e, 117 < C
Q,DtG 2,¢

The sensitivity data calculated by the use of StL or StG can

be transformed to each other:

e, .i0: = Y
1l - s D‘:T Kl
and
€210 U
It is also s+tatea that if StL > StG then the sensitivity
curves reach maximum in the range of O < z < 1, and if StL < StG
then they reach minimum; 1n the previous case €, o, and eZ,StG
and in the latter case e. .. and e, g4 Treverse their™ signs.
S ,St .
G

For the extreme vaiucs the following inequalities hold:
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|(e2,St)ms1l < I(el,St)maxl
or .
| (e

2,5t minl > l(‘1,St)nin|

Consequently, the sensitivity curves shaw that the sensiti-
vity of the dependent variables of the examined ' system changes
sharply along the packed height of the columm due to the altera-
tion of the parameter. There are also cases in which the concen=
trations existing inside the section show a marked change
~ due to the variation of the parameter and the concentratiQmng
existing at the top and bottom of the colymm - remain nearly the
same. The quantitative examination of this fagt will be discussed
later.

The St numbers also alter with the flow rates of the phases.

In this case e l(0) > 0 and e (0) < 0, moreover e, l(l) > 0 and
£ 3

e2’2(1) < 0. The sensitivitie;’zs the function of the z can also
have extreme values in the range of 0 < z < 1, i.e. it is often
the case that the cqpe@entration existing inside the packed section
changes more rapidly =+ due to the flow rate of the phases - than

it changes at the end of the column.

1.1. The Error of the Transfer Coefficient Determingtiop

Generally the experimental data are processed for the calcu-
lation of the transfer coefficients being valid in the given unit
volume of the absorber (Bu)i. This method was applied in the
previous paper [1]. The data published in literature were usually
determined as follows: the concentrations of the phases leaving
the column were measured, using these data, the driving force, the
mean driving force and finally the values of (Bu)i were calculated.
The calculated (Bw)i is the function of the concentration, i.e. if
the concentration determination can be carried out with a definite
error so the calculation of the {Bw)i is also accompanied by
another and dafinite error.
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It is assumed that the ekact inlet concentration of the
phases y{(0) and x(1) are known, but the camcentration of the pro-
duced liquid was analyzed with an error of three per cent. If the
sensitivity is known so the evalyation of the error is:

hlew,___lﬁ._é_g.oj_zhlst=__é.w—.moz (3)
: ) g, (0) (Bu)g UL stpey 4 (0)

vhere hy, . is the relative error (per cent) of the (Buw); de-
’

termination, and Ax is the absolute eryor of the coancentration

determimnation of the liquid.

E.g. takifig the data pré@sented in Fig. 5, where B/ = 50
litres per hour and EG = 8,000 1lityes per hour. The calculated

(o) po alue was 2.24 1073 (sec™l).

Correspondifiy with the given flow rates eni transfer coef-
ficient, the Sty = 2.7 and BtG = 1.12. Using the P.F. model and
the mentioned perameters and the boundary condicions of y(0) =1
and x(1) = 0, thé calculated value of x(0) is 0.885. If the latter
is @etermined with an error of three per cent, &x = % 0.0266. The
valye of the senmsitivity is el,l(O) = 0.0808, (c.f. Fig. 5). The
erzor in the determination of (Bu), can be calculated by Eq. (3):

i g 02286 -
hl,Bw ¢ BpETT i—%TTS—ﬂ i 100 # ¢ 12.5 per cent

Using the pnraneteti of the same run, the concentration of
the exit gas phase is analyded and worked mp in the calculations
#o0 that the different error values can be obtained, again assuming
thrae per cent g¥ror in the sampling and gas analysis.

it

Since e2,1(1) «D.033%, the error is

RI,EN = —g -y 100 = % 21 per cent

In the emsamined casa, the determination of the concentrations
can be carried ocut with the same accuragy when either the liquid



4l P. Arva and F. Szeifert Vol. 1.

or the yas phases are analyzed. The error of the transfer coeffi-
clent is less 1if the calculations are based on the concentration
data of the liquid phase. This fact is to be taken into account in

the experiments.

hl,Bw and hZ,Bm

are listed in Table 3. The data in Table 3 show that the errors of

The error values of all the three runs

(Bw)i values are often higher with an order of magnitude than the
errors of the concentration determinations. The selection of the

examined phase also plays an important role.

As previously mentiocned, the values of the sensitivity depend
on z and they can also reach extreme values. This deserves atten-
tion if the (Bm)i values have to be determined. E.g. if the feed

rated are B, = 50 litres per hour and B, = 8,000 litres per hour,

L
the sensitivity

G
[el St(z)] at z = 0.5 reaches maximum. The sensi-
»
tivity 1is now ey gy (0.5) and this is analyzed with an error of
3 ;
three per cent, the calculation of (B“)i results in a value which

has an error = 5 per cent compared to the previously men-

hl Buw
tioned 12.5 per cent error of the same value.

It was menticned in the previous paper that the concentra-
tions of the phases were simultaneously determined at different
heights of the packed absorber. These data were equally used in

the calculations.

If the mean value of parameter sensitivity is calculated as

follows

where i is the number of samples and similarly as above, the

mean concentration is

x(4i)
1

z 1
x = =
n

KI. M

3

and the error of the (E:)i calculatten can be evaluated. E.g.
taking the data of Fig. 5 where x = 0.531 and y = 0.866 and él 1
- -
= 0.086, as well as e, | = 0.0125. If the calculation of (Bw)i is
.
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based on the 1liquid concentration data and the analysis was car-
ried out with an error of three per cent, the (EZ)i value can be
estimated with an error of ten per cent. The error is definitely
higher, 73 per cent if the gas concentration data are the basis of

the calculation.

The results of similar calculations of the other runs are

listed in Table 3.

1.2. The Effect of Flow Rate Changes on the Solute Concentratiof
of the Phases

It is assumed that in a given running condition of the ab-
sorption column the liquid feed rate is altered with AvL. Now the
concentration change of the exit phases have to be estimated. The
L number.
The relative alteration of the liquid concentration can be calcu-

liquid feed rate change AvL causes a AStL change of the St

lated as follows:

Ax (o) ASt Stp ASt,
= e (0) —= = e l(o)
x(o) ’ x(o) St

x(o)

Using Fig. 6 the deviation of Ax(o) can be determined. It is as-—

sumed that StL changes with ten per cent:

ax(o) 2.7
= 0.11 -
x{o) 0.885

* 0.1 = 0.0336

i.e. the liyuid concentration changes with 3.36 per cent. If the
flow rate of the liquid phase increases with ten per cent its con-
centration at the exit point of the column decreases with 3.4 per
cent.

The data of an other run were processed, here the flow rates
of the phases were BL = 100 litres per hour and B, = 6,000 litres
per hour, and the error was 6.15 per cent.

G
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Al

The concentration of the gas phase depends on the liquid feed
rate. Similar calculations can de used for the determination of

the gas phase concentration change effected by the liquid load.

2. The Axial Dispersed Plug-Flow Model

The sensitivity data of liquid and gas phase concentrations
are listed in Tables 1 and 2. These data depend on the param-
eters used in the A.D.P.F. model concept, and refer to the param-

eter values of the given run.

In Fig. 7 the sensi-
X tivity data e 1 and
r

e
_Bx . 2,1
1 a(sth 1,1

are presented, both the
. P.F., and A.D.P.F. models

0.04 4 were used in the calcula-
- tions of these data. (The
characteristic phase flow
0.02 rates of the run were B =
-1 = 100 1litres per hour and
0 B; = 6,000 litres per hour).
T z Al
0.5 1.0

It can be seen from
the data that the A.D.P.F.
~0.02 model is less sensible if
the St number changes, i.e.
the transfer coefficient

_ )
0.08 {9 e 1 calculated by the A.D.P.F.

a(sth)

model is less accurate.

. The sensitivity data
Fig. 7. The comparison between sensi-
tivities «calculated by the Piston
Flow model and A.D.P.F. model. oned Tables are dimension-~
B, = 100 litres per hour;

Bg = 6,000 litres per hour;
7 P.F. model (St, = L.08) sitivity data are rela*ed
TS~ A.D.P.F. model (st = 5.96)

listed in the ‘above menti-

less. In this case the sen-

to the real parameters which
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are not dimensionless. E.g. the dimensionless sensitivity of the

liquid concentration at locus z = 1 is as follows (c.f. Table 2):

dx (Buly
= 1
E1, (gu) () TET,| AT T 00
lz=1
The (Bw); value in the given case is 5.82x107 3 (sec_l) and x(1) =
= 0.086, the sensitivity is:
dx 0.086
e = = 0.661 + —="=— = §9.75 sec
1,(8u)y d(Bw)D S.8ox10"3

z=1

Similarly to the method discussed concerning the P.F. model,
the data of the above mentioned Table can be used for the evalu-

ation of the calculation accuracy.

2.1. The Estimation of the Error Caused in the Determination

of Transfer Coefficient

It is assumed that the absorption column is working, and the
characteristic parameters are those listed in Table 2. The flow
rates and concentrations of the inlet phases are known. The con-
centration of the outlet liquid is analyzed. This analysis can be
carried out with an error of three per cent, i.e. Ax/x(0) = 0.03.

Knowing the sensitivity, the error caused in the calculation of

(Bw)D is:
E ; C) = 0.06¢2
l,ksw\D( ). 062
and
A(Bw)D 0.03

{Buw), = = 0.366
The three per cent error in the determination of the liquid

concentration gives an error of 36.6 per cent in the calculation
of (em)D.
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The data listed 1in the mentioned Table show that
i : .
125 (gu) |>|El,(8w) | and therefore it is advantageous to base the
(Bm)D calculations” on the gas phase concentration data, in the

latter case the error is less (29 per cent).

The knowledge of the sensitivity is useful in the different
fields of the practical work, e.g. the efficiency of the absorp-
tion column can be calculated. It is assumed that the packing of
the column is exchanged and another is used which has greater spe-
cific surface area, so the (Bw)D is increased by ten per cent. If

the other parameters remain constant, so:

bx = E (0) » 0.1 = 0.082 - 0.1 = 0.08
b4 220 1,B8w

and
Ay| = E (1) + 0.1 = -0.104 + 0.1 = -0.01
Vo z=1 2,Bw

consequently, the ten per cent increase in the packing surface

area gives only one per cent growth in the column efficiency.

8}
[\S}

The Practical Application of the Sensitivity Concept

Based on the Mixing Coefficients

The sersitivity data based on the mixing coefficients are

also listed in Tables 1 and 2.

It can be seen that the sensitivity data valid at the given
parameters change their values with one or two orders of magnitude
along the length of the packed column. This refers to the fact
that the concentration changes differently along the column due to
the mixing. The greatest values of the sensitivity data in the
mentioned Tables are those which are valid at locus z=1. In the
circumstances given in Table 2, the mixing coefficient of the
liquid has a marked influence on the concentration of the exit gas
and the effect of the gas mixing coefficient is low. Regarding the
data 1listed in Table 1 the same conclusion can be drawn for the

concentration of the exit gas.
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Similarly to the above discussed method, the mixing coeffi-
cients can be applied for different valuations of the column.These
are not discussed here in detail. It is merely mentioned that if
the values of the mixing coefficients have to be calculated with
the data listed in Table 3 and with the data of the concentration
determinations, and the analysis can be carried out with an error
of one per cent (at locus z = 0), the results will be + 0.8 times
the liquid mixing coefficient value and + 2.5 times the gas mixing
coefficient wvalue. It is evident that the determination of these
data has to be carried out with other methods,e.g. the examination

of the residence time distribution can be used.

The data in Tables 1 and 2 show equally that the Pe numbers
are high, i.e. the coefficient of the second order differerntial
quotient ccntaining term of the A.D.P.F. model is higher compared
to the coefficients of the other terms. If tne term of the axial
mixing is neglected, the error of the concentration values has to
be valuated. (The other parameters are unchanged.) This valuation
can be carried out with the data presented in Table 1. The dimen-
sionless sensitivity values related to the converse of Pe numbers

were calculated at locus z = O:

ox 1/Pe
E (0) = = 0.013;
?,1/Pe o, ’
L okl/PeL) 220 x(0)
El,l/PeG(O> = 0.00k; Ez’l/PeL(l) = 0.228; Ee’l/PeG(l) = 0.036
The alteration of the concentration can be expressed as fol-
lows:
l/PeL 3x l/PeG dx
Ax = x[ + ] (L)
x a(l/PeL) x a(l/PeG)
and
l/PeL dy 1/PeG 3y
&y = vyl + ] (5}
¥ a(l/PeL) y 6(1/PeG)

It is a i = = =
ssumed that D, and D, are zero, i.e. Pe, PeG '

so the Piston Flow model is valid. In this case:



1973 Mathematical Mcdelling of Absorption Columns III. bh1

and using Eg. (4) and

Ax(0) = 0.819 +{0.013 + §.00%) = 0.01%4
and
A1) = 0.098 -(D.228 + 0.036) = 0.026

and the mean value is:
Ax (s} + ay{1)
2

The results of the above calculation show that the deviation
between the concentrations calculated by the use of the A.D.P.F.

and P.F. models is in agreement with the previous experience [1].

SYMBOLS USED

ej,i parameter sensitivity

P parameter

z co-ordinate of locus (dimensionless)

Ej,i parameter sensitivity (dimensicnless)

v linear flow rate of the phase (metres per second)

{Bw). transfer coefficient related to unit volume and based on

the Piston Flow model (one per second)

(fo transfer cocefficient related to unit volume and based on
the Axial Dispersed Plug Flow model (one per second)

(Bw) transfer coefficient related to unit volume (one per second)

x concentration of the liquid phase (dimensionless)
y concentration of the gas phase {dimensionless)
St Stanton number {dimensionless)

Pe Peclet number (dimensionless)
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D axial mixing coefficient

B feed rate (litres per hour)

h relative error (dimensionless)

Ac deviation of the concentrations (dimensionless)
Indices

D A.D.P.F. model

L liquid phase

G gas phase

i P.F. model
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PE3riME

Ha ocHoeaHuu ganHux, NONYYEHHHEX C HCMNONL3OB3HWEM paHee . ony0-
NHHOBAHHEX 3HCNEBPHMEHTANLHEX METOg[oB, aBTopbl MOHA3siBaKT MeToas on-
peaeneHHUy HHCNEHHBIX EHGHBHMﬁ M NMpaHTH4YeCcHOoe MpUMEBHZHKE napamMeTpH-
YECHOW YYCTBMTENLHOCTH.

Ha OCHOBAHKH Mopent maeanwHord BHTEBCHEHKA P8CCHYUTRBANACE HOH-—
UBHTDAUWOHHAR YYyBCTBMTENLHOCTL ANA MMAHON M 330804 ¢a3 NO HO3bH-
UMEHTY mMacconepefadv, NPUXOARWEMYCR H3 eanHKUy 06keMa, W NO CHOPG-
CTaM $a30BLX NOTOHOB., ABTOpH yHa3weawT cnocol pacqeTa OwMbBHW, KO-
TOpaR QONYCHABTCR MNpW OMNpegefeHdwu NapamMeyDoOB BCABACTBUE OWHOHM W3-
MEBPDEHMA HOHUBHTPAUMHM, 3HAYEHUA fNapamMeTpPUYECHON YYBCTBUTEBNLHOCTH
MCNONL3YKRT ANA OUBHHM BAWMAHHA Tex H3IMEHEHHH, HOTOPHE _NPOMCXOAAT 8
pemume paboTH abcopbUMOHHEIX YyCTAHOBOK,

Hpome roro, @BTODE NDMBOART YHCABHHEE 3HAYEHWA NCOM3BBAEHHLIX
H38 OCHOBaHHK AWddy3MOoMHON MOge nu pac4eToR YHYBCIBMTEALHOCTW MO KO-
IBouyHEHTY mMacconspegadu 4 no Ho3dduuMeHTY nNepemMewMBaHWA BHYTpH
®a3, a Taume pacuercs NpUONUKEHHOr0 3IHATBHHA OWHBHKU, [ONYWEHHOW B
BBIMUCNEHUAX YHA3AHHBIX BEAMYUH, B YCNOBHAX NPOBRABHHONO 3HCHEpMMEH—
T8 Q&HHHE O YYBCTBUTEBNBHOCTM MO HO3d0uumMeHTaM nepeMewnBaHuA ganu
BO3MOMHOCTE CPABHUTL MOgBAL HAEANBHOMNS BLTEIHEBHMA C AUGDYINOHHOM
MOABNKI,
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According to the <classic theory of cement har-
dening, the strength of hardened cement is carried by
non-chemical bonds. In this paper the inmportance of
chemical bond formation during cement hardening is
emphasized. In this process corner sharing (bridging)
common OXygen lons serve as a bond between adjacent
810y-tetrahedra. From this point, cement hardening
resembles the hardening of plastics: both processes
can be described as polymerization reactions with the
difference that -C-C-C-C- &and Si-0-8i-0-Si- cheins
{or rings, and sheets etc.) are formed in the latter
and former case, respectively. However, as the degree
of polymerization in cements is low in contrast to
plastics,the term "oligomerization” is suggested. The
possible confirmation of the proposed theory and some
practical results are outlined.

INTRODUCTION

Building materials can be classified by various principles:
e.g. according to their resistance against the attack of water and
behaviour to water during hardening (hydraulic and non-hydraulic
binders): the system of SYCEV [1] classifies binders according to
the process taking place during hardening and consequently divides
binders into three classes: hardening by chemical processes (e.g.

plastics, and water-glass binders); hardening by physico-chemical

*Presented at the 2nd International Symposium on Science and
Research in Silicate Chemistry, Brno, 1972 September.
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processes (e.g. portland cement or plaster of Paris);and hardening
by physical processes {e.g. the initial period in the hardening of
slaked lime).

A further basis of classification might be structural, ac-
cording to the principal bond type. It is well known that the
forces which bond the atoms or molecules of substances can be sub-
divided into two classes: chemical forces (ionic and covalent
bords) and non-chemical forces (van der Waals bonds, and hydrogen
bonds). {The third type of bonding, namely the metallic bond can

be disregarded from the point of this study).

Chemical forces are strong, their energy being some hundred
kcal/mol.; non-chemical forces are all weak, the van der Waals
forces are very weak, while hydrogen bonds somewhat stronger - as
a fair approximation, the enerqgy of non-chemical forces can be
considered as being 10 kcal /mol.

In the development of the gross strength of a given substance
the resultant joint effect of these forces should be taken into
consideration: there may be high forces in one direction and the
resultant strength is still low if the bonding forces are weak in
an another direction: €.9. in the layer structure of orthoboric
acid, H3BO3 strong chemical bonds exist within the layers, but the
separate layers are bonded by van der Waals forces to each another
This is mirrored by the fact that crystals of H3BO3 can easily be

pulled apart (cleaved) in a direction parallel to the layers.

Among binding materials, water-glass and phosphate base
putties and plastics are characterized by the presence of mainly
chemical bonds;on the other hand, the strength of plaster of Paris
is supplied by the adhesion (i.e. non-chemical bond) developed
between the felted gypsum crystals. In the view of POWERS [2] and
BRUNAUER [31 non-chemical bonds are responsible for the strength
of portland cement, the most important binder also, produced in
vast quantities.

However, parallelities exist between the properties and
structure of plastics and hardened portland cement, which justify
a4 comparative study between the two groups of materials.
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The most important element is C in plastics and 8i in port-
land cement.Although both elements are tetravalent and in the same
colurmn of the periodic table,which would indicgte similar chemical
behaviour, some differences still exist.The most important differ-
ence is that no d orbitals exist #n the valency shell {n = 2) of
the carbon atom, but its ability to form s#—bonds is responsible
for most of the chemical properties of carbon. Si belongs to the
next period (n = 3); silicon possesses d orbitals, but wx-bonds do
not exist. This is why most of the compounds of coxxesponding forx-
mula differ so characteristically in properties. A striking
example: CO, and SiO,. Carbon dioxide 1is composed of discrete
molecules, containing C-atoms of digonal symmetry. However, the
strong chemical bonding within the CO; molecule is useless,because
the intermolecular bonding consists of weak forces. Therefore the
thermal energy at -78°C supplies the separation of the molecules
of solid CO,, and it occurs as a gas at ordinary temperatures.
Si0, on the other hand, is a solid of high strength and high
refractoriness (m.p. = 1700°C). But S5i0, contains Si atoms of tet-
rahedral symmetry, which form an infinite network in all the three
dimensions of space; the Si atoms are linked through O-atoms
shared always by two Si atoms,so finally the entire guartx crystal
is one molecule, its formula being 5104/2,-,. There is no differ-—
ence between intramolecular and intermolecular bonds in guartz:

the entire crystal is held together by strong chemical bonds.

However, the ability to form long chains by polymexization is
common with C and Si, though the nature of the chains differ. Car-
boniferous chains are of -C-C-C-C— formula,but -Si-8i-Si-8i- chains
do not exist in silicates: the bonding energy of Si-Si is too low
(42 kcal/mol. as contrasted to the 83 kcal/mol. energy of the C-C
bond); the 5i-O0 bond on the other hand is strong (124 kcal/mol.,
the corresponding C-O bond. being only 85 kcal/mol.). This suggests
the possibility of the formation of stable, strong ~84-0-8i-0-8i-0~-
chains and its derivatives (double chains, rings, layers, and

frameworks, etc.).
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Formation of Bridging Oxygen Ions as Strength Carriers

In the formation of Si-0-Si chains, etc., the O-ions of the
5i04,%~ tetrahedra receive their energetically advantageous octett
shell by utilizing their "internal® reserves: by the formation of
bridging oxygen ions, belonging to two Si-ions simultaneously. So
a common 2lectron shell of octett symmetry surround the Si-0-Si
complex. A stable octett, on the other hand can also be formed by
"external help”: by metal cations incorporated into the structure,
which act as electron donors thus completing the electron-deficient
shell. These incorporated ions however interrupt the continuity of
the ~Si-0-Si- chain, and thus decrease the strength.

A certain amount of energy is needed to break the -5i-0-5i-0-
chain. In our view this is done during the burning of clinker (in
this study formation of nonsilicate minerals during clinker
burning is disregarded): the continuity of -8i-0-Si- chains in
natural silicate polymers, €.g9. quartz, is interrupted and Ca-ions
are incorporated into the structure. The energy needed for this
pProcess is transmitted in the kiln. The resulting minerals are no
longer polymers: C25* and C3S both contain isolated,i.e. monomeric
510, -tetrahedra,as proved by X-ray diffraction. (Formerly O'DANIEL
and HELLNER [4], proposed a structure of C35 which would contain
Si30q trimer rings; but careful later work, mainly by JEFFERY [5}
also confirmed the presence of isolated, monomeric Si04 tetrahedra
in C3S).

During the reaction of C25 and C3S with water the Ca-ions
incorporated into the silicate by external energy are expelled
from the structure and precipitated as Ca0 or more correctly
Ca{OH),. This means that the octett-shell, maintained by "external
help"”, i.e. electron donor Cations will be replaced by an internal
octett shell of bridging O-ians again, and the energy, invested
during clinker burning will be regained. This is one of the pre-
conditions for the formation of a stable hardened cement, as only

®*Cement chemical notation system is used, together with th7 con-—
ventional system. C = CaQ0, § = §i0,.
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processes where the free enerqgy is decreased can proceed without

external excitation.

The stoichiometry of the hydration reactions, according to
BRUNAUER and co-workers [6] in the case of Cj3S:

2 Ca3zSiOg + 6 H,0 + Ca358i,;07.3 Hy,0 + 3 Ca(OH),
and in the case of C;$S
2 Ca,Si0y + 4 H,0 + Caz_ 351,07.3.3.3 H0 + 0.7 Ca(OH),

The product 1is very poorly crystalline, whose structure
resembles to that of natural tobermorite. Its Ca/Si ratio may vary
over a wide range; but this is always lower than in the parent
product, being about 1.5 instead of 3.0 in case of C3S and about

1.65 instead of 2 in case of C,5.

These phenomena can be well interpreted by the polymerization
(or, more correctly, oligomerization, as only products of limited
chain lengths are formed) of the monomer C,;S and C3S. The essence
of the reactions in both cases consists of the disproportionation

of O-ions:

20 =+ O° +O0

where O represents O-ions held by Si on one side only (e.g. one
of the O-ions in C,S); o° represents an O-ion held by Si on both

2-

sides (i.e. a bridging O-ion); and O is an O-ion where both

valencies are neutralized by a cation.

In our special case, the first equation by Brunauer can be
interpreted in such a way that C,S is dimerized, one of its 8 o
ions is degraded to OO; and this counteracted by the formation of
one 02“, which latter is bonded to the expelled Ca-ion. Dimeriza-

tion means that a two-link chain is formed:

1 1 1 i

0  -8i -0 +0 -Si-0 =+ 0 -8i~-0-258i-0 +0%
[ I - i
0 ) ) 0

Obviously polymerization may proceed further on, longer

chains, and by their linkage, rings, sheets, and space frameworks
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may develop. 1In well-crystallized substances definite complexes
are present: e.g. K;0.2 Pb0.2 8i0, is purely dimer, its correct
formula being K;Pb,;Si,07 (NARAY-SZABO and KALMAN [71).In amorphous
or 1ill.crystallized products, on the other hand (as e.g. in sili-
cate glass, and hydrated portland cement), the concept of equilib-
ria between various complexes of different degrees of polymeriza-
tion is of utmost importance. The theory of these equilibria is
well established for silicate glass (BALTA and BALTX [8], MASSON
[91), but the concept .is similar for hardened portland cement,
where C3;S (or C3S), containing isolated SiO, tetrahedra are the
monomers, and these become oligomerized during hardening. The pro-
cess itself resembles the hardening of plastics, e.g. where
poly(vinyl chloride):.

Cl H Cl H Ccl

is formed by the polymerization of the monomer vinyl chloride,
CHy=CHC1.

As stated earlier, complexes of different polymerization
degree exist in amorphous or ill-crystallized silicates. The aver-—

age degree of polymerization can be characterized by :

X
2 n

where x is the number of units (in the case of silicates, the
number of the SiO, groups) in the complex, fx is the number of
linkages (in our case the number of bridging O-ions), n, is the
number of the x-membered complexes, while ny, in the denominator is
the number of the monomer mols. Index p may vary between O and 1,
the first 1limit being the absence of polymerization, the second
complete polymerization into one giant molecule. The summation in
the numerator indicates clearly that the formula always gives an
average. Thus, from Brunauer's stoichiametry one may think that

the hydrate resulting from C3S is purely dimer, with p = 0.25; but

1
/
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the same Ca/Si ratio of 1.5 and consequently p = 0.25 may come
e.g. also from the equilibrium of 40 % still monomeric and 60 %

hexameric complexes.

The following changes occur during the polymerization of C,;S

while p changes from O to 1:

1. The molecular weight of the complex increases from 172

2. The 0/Si ratio changes from 4 to 2.
3. The CafSi ratio changes from 2 to O.

However, the process of polymerization 1is discontinued after a
time, the limit being approx. p = 0.35 or slightly beyond.

The Si0Si0Si0O chain, formed during this polymerization is
one of the principal conditions to develop the strength of cement.
A second important condition is the cross-linkage of these chains,
because the linear polymer molecules (linear here obviously means
unbranched, not cross-linked complex, with a zig-zag axis, corres-
ponding to the 140° valency angle of the S5i0Si bond) could be
easily pulled apart by external load along the weak intermolecular

bonds, similarly to H3BOj3, examined earlier.

Possible Proofs of the Theory

1. The direct determination of the mean molecular weight,
e.g. by cryoscopic methods, in a suitable solvent. C;S and most of
its hydration products are soluble in acids; but at the same time
an instantaneous condensation may taje place which, in turn, means
that the original anionic structure is not preserved. E.g. the

orthosilicic acid may condensate according to the formula below:

OH OH OH OH
| 1
| R |

HO - Si - OH+ HO - Si ~ OH + HO - Si - O - Si - OH + Hy0

| l | I

OH OH OH OH

to pyrosilicic acid or even beyond, finally SiOj-n H;0 will form.

The danger of instantaneous condensation can be reduced by using
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weak acids and a low temperature dissolution. Obviously a compro-
mise should be sought, because these measures slow down the disso-
lution process, which brings the same danger again. The use of or-
ganic acids of known molar melting point depression is recommended.

2. Instead of molecular weight determination a corresponding
property may be examined, e.g. the reactivity of the solution.
WIEKER and associates [10]1 have shown that the reaction rate
between silicic acids and molybdate solutions depends on the
anionic structure of the silicic acid. The concentration of the
product silicomolybdate can easily be measured photometrically. By
this method, not only the molecular weight, but also the shape
(linear, or ring, etc.) of the molecules can be determined (by
calibration with substances of known structures). However, an im-
portant limitation: obviously only in cases of a uniform structure.
Using a mixture of silicic acids of different molecular size an
average value will be obtained.By this method the gradual decrease
of the reactivity, i.e. an increase of its molecular weight of the
liberated silicic acids as a function of hydration time has been
verified [11].

3. The silicic acids, described in the previous paragraph
can be separated by paper chromatography [10], thus the individual
factors of the average can be studied.

4. The instantaneous condensation mentioned under 1. can be
eliminated according to the proposal of LENTZ [12] in such a way
that acid dissolution is ensured in the presence of silylating
agents, e.q. trimethyl chlorosilane. 1In this case the original
anionic structure remains intact, because the reactive OH or H
groups at the end are blocked by the Me;Si-radical (Me = methyl).
E.g. the trimethyl silyl derivative of the orthosilicic acid:

OSiMe;
{ .

Me3Si0 - Si - 0SiMe,
OSiMe;

is not capable of instantaneous polymerization, because of the
absence of the reactive end groups. The molecular weight or a
functional property {(e.g. refractive index) of the end-blocked so-
lution can be measured. This method also gives an average only.
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5. The end-blocked silicic acid solution can also be sep-
arated, e.g. by gas chromatography [12] or by mass spectrometry
£131.

6. The proceeding of polymerization can also be determined
by indirect methods. For example, by measuring the change in the
Ca/Si ratio during hardening (obviously after the selective disso-
lution of the free lime) Brunauer proved the decrease of this
ratio during proceeding hydration. This result accords with the
suggested polymerization mechanism of hardening, although Brunauver

interprets his results by a different approach.

The formation of cross-links, mentioned earlier, takes place
instantaneously during the hardening of silicate cements. The fac-
tors influencing the increase of the polymerization degree and
cross-linked framework formation are not yet known, although their
knowledge would constitute a milestone towards stronger, higher
quality binders. An analog example from the history of organic po-
lymers: the technical significance of latex, which contains linear
chains of poly({isoprene) is negligible, while cross-linked
poly(isoprene) is the polymer, manufactured and utilized in vast

quantities: rubber.

By this analogue we endeavoured to affect the hydration of
cement so as to produce, in addition to Si - O - Si bonds, cross-
—-linked Si - § - Si bonds too. This can be achieved, e.g. by the
addition of compounds containing active sulphur (SOCl,, S,Cl;) in
such a way that its incorporation into the structure should out-
pace its decomposition by water. Final strength of cement pastes
and concretes produced by this patented method [14] may increase
by 40-60 % in contrast to the untreated cement; a further advan-
tage being that the hardening of concrete can be effectively acce-
lerated by steam curing without a loss in final strength.

The endeavour to develop and prove the polymerization mechan-
ism of cement hardening is also significant from a side point:
mathematical methods, some practical results, even measurement
techniques of the highly advanced theory of organic polymers might
be adapted. This will certainly reduce the extent of the fundamen-
tal and methodological research needed. Improved knowledge of the
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hardening process of cement will constitute a basis for the plan-
ned development of new types of cements, having predetermined,
controlled properties that are significantly higher than at the
present time.
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PE3KME

CornacHo KiBCCHMECHOW TEOPHMK TBEPABHMA UEMEHTA NPOYHOCTEL 3aT-
BepAesuwRsro yemenTa ol0ycnoBiKMBAKT HEXHMHYECHAKE CBR3W. B 3ToN cTaTbe
aBTop oGpawaeT BHHMaHKMe Ha 70T (aKT, 4T0 B Npoyecce TBEPAEHHA ueé
MEHTA BaMHyW pOnk KWIrpaeT Tanwe W ofpal’cBaHue XHMHYECHHX CBR3EH.,
AAHHOM npouecce o6WMe MOCTOBHE KHCNOPOAHHE HOHH OGRCMBYMBAKT CBA3L
MeMAy TeTpasgpaMmu Si0);, COERQHHAR BEPWHHE MHOrOrpaHsuHas, B VTaHDM
cMHCNE TBepAexHHe uemeHTa nNogobHO TBEpAEHWK nNAacTMmacc ¢ TOH nHmE
pasHuyen, 4To B8 nocaeqHem cny4ae oOpasywTcA genm C-C-C-C, a & nep
soM - uenn (u 3aTeM, NpW JanbHeMUER NOAMMEpPH3AUMH, -HONbUA, CNOW W
T.A.) $i-0-Si-0. Ogxaro, BBM®LY TOro, 4T0 NQY TEEPRBHHH LUEeMeHTa W~
MeeT MEeCTO NONHWMEPHIaUMKE 3JHEYMTENbHO MEHLWEW CTEMEHH, HEM B cny4ae
nnacyMacc, aBTop NpegnaraeT MCNONLIOBATbL 34EChL MNOHATUE "ONWMOMEPH -
3auum” . flaHHan CTaTkA 3IHAHOMMT TAHME C BO3IMOMHUOCTAMW» JOHA33TEALCT-
Ba NpefnaraeMon TEOPHM W MNPEACTABNAET NPAKTHYECHH BAMHHE BHBOAH.
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Carbon monoxide increases the activity of cata-
lysts composed of tungsten and molybdenum halide com-
plexes and EtAlCly for the disproportionation of ole-
fins. Hexacarbonyls as final products and halo carbo-
nyls as intermediates were isolated from the reaction
mixtures.

INTRODUCTION

The disproportionation of olefins has undergone a very fast
but contradictory development during the last 12 years since the
first patent application. The heterogeneous propylene disproportio-
nation is already at present an industrial process, while the dis-
proportionation of longer chain clefins will still remain at the
level of laboratory experiments for probably a long time, because
of the simultaneous double bond isomerization leading to a low
selectivity of the reaction. An increase of catalyst selectivity
by the blocking of acidic centres is accompanied with a rapid

decrease in activity [1, 2].

The development of the homogeneous catalytic process seems
to be somewhat faster; the disproportionation of terminal and in-
ternal olefins has been achieved in the last few years [3, 4, S51].

Numerous new catalytic combinations and metals (Ti, Rh, Fe, Co,
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etc.) [6, 7] have been reported, in addition to those based on mo-
lybdenum and tungsten which were applied from the beginning. How-
ever, although a large number of active catalysts are already
known, only a few investigations on the catalytic mechanism have

so far been reported.

Following the first successful disproportionation experiments

a trans alkylidenation mechanism was proposed for propylene dis-

proportionation
CH3 - CH = CH; CH3 - CH CHjp
CH3 - CH = CH, CH; - CH CH,

This general scheme was confirmed by the disproportionation of
2—propene—14C [31. However, it still remained a problem, that the
"quasi cyclobutane intermediate" state proposed for this reaction
requires thermaly forbidden electron transitions according to the
HOFFMAN-WOODWARD rule [10]l. This problem could be solved by the
assumption that since the trans alkylidenation has to take place
partly or entirely within the co-ordination sphere of the transi-
tion metal, the d orbitals of the transition metal also have to
be considered in these calculations. The Hoffman-Woodward rule ex-
tended in this sense was found to be applicable for the dispropor-
tionation of olefins: the process can be described by the combina-
tion of the d orbitals of one transition metal and the pi orbitals
of two olefins {111.

The homogeneous catalysts used for the disproportionation of
olefins are generally composed of a transition metal compound
{such as WClg) and a cocatalyst such as EtAlCl; or BuLi [12]1. The
cocatalyst probably functions partly to produce free co-ordination
sites which can be used by the olefin molecules and partly to
maintain the necessary electron concentration for the reaction.
According to the proposed mechanism, at least two co-ordination
sites are required on the transition metal. The experimental ob-
servations that disproportionating activity is shown by catalyst
combinations with an Al(Li)/W(Mo) ratio of 2 2 are in accordance
with this theory. i
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Very little is known about the formation of the catalytically
active species. Suggestions for this process were first made by

MENAPACE et al. [12] for the two component WClg + BuLi catalyst

system:
wlcl, + 2 RLi+ — w!VR,Cl, + 2 Licl (2)
-2 ®

wiVr,c1, ——— wlVel
l n 2 olefin (3)
L 2 olefin , va(olefin)ZClu

-2 R
wiV(olefin),Cl, ~= W' 'Cl, + products (4)
. 1 2 new olefin

According to the schema above, the free co-ordination sites are
formed by the decomposition of dialkyltungsten tetrachloride. Fol-
lowing this the trans alkylidenation takes place by an intramolec-
ular transformation of the bis olefin complex. Some suggestions
were made regarding the oxidation and co-ordination states of the
transition metal in Equations (2)-(4), . but no experimental proof
was presented. The experiments described in this paper were direc-
ted towards the isolation of stable derivatives of these interme-

diates to elucidate some steps of the disproportionation mechanism.

RESULTS AND DISCUSSION

For all experiments cis,trans-2-~pentene was Chosen as model
olefin. Using CALDERON’s WClg + EtOH + EtAlCl; catalyst it was ob-
served that this was very sensitive to air and moisture, whereas
Ar, Ny, Hp, or CO and small guantities of PPh3y or pyridine did not

alter its activity appreaciably and CO even increased its selec-
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tavicy [131]. It was, therefore, concluded that CO, phosphines and
pzridine may function as ligands of the tranmsition metal in these

catalvtic systems.

In order to eliminate the moisture sensitive WClg at first
Mo and W compounds were sought that were not sensiiive to air and
which combined with AlEtCl, would give active ‘disproportionation
catalysts. When 2-pentene was added to the berzene solution of a
AlEtCl; and a ML;Cl,  Lype compound  {where L = Py, FPhy or
1/2 CoH,(PPhy)2: M = Mc or W) the olefin was consumed by a Friedel-
-Crafts type reaction for the alkyliation of benzene in a few mina-
tes and the disproportionation reaction conld nct be studied under
such  conditions [14]. However, using chloro benzene as a solvent
{(which is more difficult to alkylate than benzene), a homogeneous
master solution could be prepared which had the desired dispropor-
tionating catalytic activity and was not disturbed by the alkyla-
tion of the aromatic ringy. The activity of these catalysts siyni-—
ficantly increased under CO aad approached that of the CALDERON
system [157.

Investigating the WPy,Cl, + EtAlCl, + 2-pentene + chloro
benzene reacticn mixture by IR spectroscopy, a very strong, sharp
abscrption band could be observed at 1980 cmhl in addition to some
smallexr peaks in the Veo range. This strong band indicated the
presence of W(CO)g which was proved by the subsequent isolation of
W(CO)g from these reaction mixtures. The vield of W(CO}g reached
about 30 per cent and thus surpassed the yield of some of the pre-

viously known high pressure syntheses.,

By comparing the W(CO)g content and Lhe catalytic activity
of catalyst master solutions (Fig.l) it was shown that an increase
of W(CO)g leads to a decrease of activity. The increase of cataly-
tic activity under carbon monoxide could not, therefore, be attri-~
buted to the W(CO)g formed in the reaction mixture,but td tungsten
derivatives having oxidation states Dbetween IV and O. It was as-
sumed that the formation of the free sites necessary for co-ordi-
uwation of olefin (in the catalytic reactioﬁ) or carbon wmonoxide
(in metal carbeonyl formation) to the metal atom is a result of

alkylation {5) and the subsequent decomposition of metal alkylis (6):
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Fig.l. Yield of W(CO)g and disproportionation activity as functions

of the =&age of the catalyst master solution. o - yield of
W(C0)g; x - conversion of 2-pentere in 3 minutes reaction
time
ML,Cl, + 2 FtAlCl, ~+ MEtpL,Cl, + AlClgy (s)
MEt,L,Cl, —Seivent (S}, ML,Cl,S_ + 2 Et’ (6)

These free co-ordination sites can then be occupied either by

olefins:
ML,Cl,8 + 2 olefin == ML, {olefin),Cl; + n S (7)
or by carbon monoxide:

MLpClpS + 2 CO =~ ML, (CO),Cl + n S (8)

If olefin and CO is also present at the same time the following
eguilibrium must be taken into account:

ML,(olefin),Cly, + 2 CO ~* ML,(CO),Cl, + 2 olefin (9)

Such types of VIb metal-halo-carbonyls are already known. Some of
these derivatives (like L = PPhj) are "CO carriers® [16]:

M(PPh3),(C0),C1l, + CO == M{PPh3)2(C0)3Cl; (10)
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To confirm the probability of the above reactions ML, (CO),Cl,
or rather ML,{C0)3Cl, type complexes had to be detected during the
disproportionation reaction carried cut under carbon monoxide. Al-
though the formation of such compounds was observed in the WPy,C1,
containing systems, their isolation in a pure state failed.Efforts
were more successful in the case of the catalyst composed of
Mo (PPhj},Cl, and AlEtCl,:

Co

Mo (PPhj),Cl, + 2 EtAlICI, oTefin, solvent

Mo(PPh3),(C0O)3Cl, (11)

The isolation of these complexes supports the assumption that the
active catalyst combination contains a low (but not 0) oxidation
state transition metal atom having available co-ordination sites.
However, the formation of free co-ordination sites does not re-
quire the presence of olefins, since the appropriate halo carbonyl
complexes can also be prepared from the CO-treated catalyst master
solutions in the absence of olefin with good yield.

The halo molybdenum and tungsten carbonyls were prepared
previously only by the oxidative transformation of the correspond-
ing carbonyls. Our qualitative observations have been developed to
a preparative method which enables the preparation of halo carbon-

yls by reductive carbonylation with 30-3% per cent yields.

Based on these results, the method described above was also
applied in the study of the highly active catalysts derived from
WOCl, or WClg and AlEtCl, at a molar ratio of W/Al = 1/4. The for-
mation of intermediate unsubstituted halo carbonyls and W(CO)¢ was
also observed here. W(CO0),Cl, was isolated from these reaction
mixtures in the form of its stable triphenylphosphine derivative
W(PPh3)2(CQ)$C12. Molybdénum halides reacted similarly [171.

As a matter of fact, all of these results confirm the Mena-
paces hypothesis and complete it by the reactions occurring under
CO atmosphere:

Pphs\
W(olefin),Cl, 51%%1?;" W(C0)2Cl, —— W(PPhj),Cl, (12)
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EtAlCl,
W(CO)2Cly Syggrs— W(CO)2(olefin),Cl, (13)
+CO {| —~olefin
EtAlCl, PPhg
W(CO)g o W(CO)yCl, “dcetona” W({PPha)2(C0)aCla + CO

Carbon monoxide 1is generally known as a catalyst poison and be-
haves here similarly: it expels the olefins from the catalyst.
Despite this the rate of disproportionation is increased in its
presence, which suggests the M(PPha)z(CO)nClz (n = 2, 3) type com-
pounds ("the poisoned catalysts") formed in these reaction mix-
tures are also good catalysts in combination with EtAlCl, or AlClj;.
This assumption was confirmed experimentally: the mixtures of
MLZ(CO)nClz (where L = PPh; or AsPhy and M = Mo or W) and EtAlCl,
or AlCl; (Al/M = 4/1) in chlorobenzene solvent catalyzed the dis-
proportionation of 2-pentene present in a 2-500 fold excess of the

equilibrium olefin mixture within 3-5 min [18]7.

EXPERIMENTAL

General. All manipulations were carried out under Ar or CO
at room temperature. Hexane, benzene and cis, trans-2-pentene
(Fluka) were distilled from K-Na alloy, chlorobenzene and methylene
chloride {(Reanal) from phosphorous pentoxide before use. All were

stored under Ar.

Molybdenum and tungsten complexes were prepared from purum
WClg and MoCls (Koch-Light)(Fluka) as described in literature [19,
20). EtAlCl, was prepared from Et3Al and AlCl; and purified by
distillation [21].

The IR spectra were recorded on a double-beam Carl Zeiss

UR 20 spectrophotometer.
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Catalytic experiments

a) A solution (5 ml) of cis-2-pentene in n-pentane (1/1) and
0.05 ml EtAlCl, was added to a suspension of 29 mg WPy,Cl, in 5 ml
chlorobenzene. After 1 hour, the mixture was hydrolyzed and ana-
lyzed by GLC. Based on the guantity of cis-2-pentene introduced,
the reaction product contained 14.1 per cent cis, trans-2-butene,
45.7 per cent cis, trans-2-pentene and 27.3 per cent cis, trans-3-

~nexene. The rest of the olefins were converted to polymers.

b) Several parallel runs were performed with the above cata-
lyst under Ar and CQO. After a 15 minute reaction, the conversions
of 2-pentene ranged between 7-22 per cent under Ar and 48-51 per
cent under CO; since the equilibrium composition was reached under
carbon monoxide, the rate of reaction must have been rather high.
This was confirmed by utilizing even shorter reaction times:
conversion of 2-pentene was 40.6 per cent after 1 minute, 41.8 per

cent after 3 minutes and 47.2 per cent after 5 minutes.

¢} To study the connection between W{CO); content and cata-
lytic activity, a master solution was prepared from 300 mg WPy,Cl,,
0.9 ml EtAlCl, and 50 ml chlorobenzene. This was stirred under CO
and samples were taken at certain intervals. 5 ml of the sample
was given to 5 ml of a mixture of n-pentane and 2-pentene {1/1)
and the conversion of 2-pentene after 3 minutes reaction time was
used as a measure of the activity. The concentration of W(CO)g was
determined in another part of the sample by IR spectroscopy and an
extinction vs. concentration curve using the extinction measured

at 1980 cm_l.

d) WIC2H, (PPhy);],Cls, W[C,Hy(PPh;),1Cl, and Mo(PPhj3),Cl,
behaved similarly to WPy,Cl, under the conditions of a), b) and c).

e) 5 ml of a solution of cis-2-pentene in pentane (1/1) con-
taining 0.05 ml EtAlCl, was added to a suspension of 0.05 g
W({PPh3)2(C0)3Cl; in 5 ml chlorobenzene under Ar. A homogeneous so-
lution was formed. After 1 hour, the reaction mixture was hydro-
lyzed and GLC analysis indicated the presence of 13.4 per cent 2-
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-butenes, 49.7 per cent 2-pentenes, 26.2 per cent 3-hexenes and
traces of higherxr olefins.

Preparative Experiments

f) The master solutions made according to c¢) were steam dis-
tilled after 2-3 hours reaction time. M(CO)g (M = Mo or W) preci-
pitated on the wall of the condenser in the form of white crystals,
before an appreciable distillation of chlorobenzene has started.
Yield 10-30 per cent.

g) A solution of 0.05 ml EtAlCl, in 3 ml 2-pentene was given
to a solution of 190 mg Mo(PPh3),Cl, in 3 ml chlorobenzene. Rapid
disproportionation reaction was observed. Adding pentane (5-10 ml)
a precipitate formed due to the diminished solubility of the com-
plexes. This solid portion of the product was separated and dis-
solved 1in a small gquantity of acetone upon which 20-30 mg
Mo(PPhjy ), (CO)3Cl, precipitated.
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PE3IIME

OHnch yrnepoia 8 peanymu QHCAPONOPUHOHWPOBAHHA one¢unoe yBe-
AHSKBABT AHTHMBHOCTb HMCNONL3YEBMOIr0 HaTanNW3aTopa, COCTOAWBI O W3 ra-
NOFEHHAHEX HOMANEBHCOB Boab¢pama W MONMOLeHa M Ma EtAICLl.. U3 peaH-
YHOHHOHA CMBCH OHIM BHABNEHH B HAY8CTBE KOHBYHEX npogyaroa reHco-
KBpGOHHAE H B HAYEeCTBE HHTEPMERHEpOos ranoreHorapOoHH AL,
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In granulation in a fluidized bed, the appropri-
ate selection of the feed rate of the granulating
liquid is very important since this parameter, in ad-
dition to its effect on the formation of the granu-
lates, considerably influences the capacity of the ap-
paratus. The results of experiments on the effect of
the feed rate of granulating liguid on the physicsal
properties of the granulates formed in a fluidized bed
(average particle size, the relative amount of the
particles not granulated, wear strength, and the in-
homogeneities of the binder distribution) are given.
On the basis of the heat and liquid balances of the
process, correlation is given for the maximum and
equilibrium liquid feed rates.

A very important process parameter of the batch granulation
in a fluidized bed is the feed rate of the granulating liquid. To
attain the optimum average particle size, a well defined quantity
of the given binder solution is needed. The liquid can be sprayed
in the fluidized bed at different feed rates, i.e. during various
lengths of time. Thus the appropriate choice of the feed rate of
the granulating liquid, basically determines the duration of the

granulation and hence the capacity of the apparatus.

In the first paper of this series [1] - where the relation-
ships between the amount of the binder and the physical properties
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of the formed granulates were dealt with - the effect of the feed
rate on the physical properties of the granulates was also touched
upon to ensure the completeness of the paper. The results of other
authors - RANKELL and all. [2], MBBUS [3] and DAVIES and GLOOR [4]
were also given. It was pointed out that the results were evalua-
ted in literature in two different ways. Some authors changed the
feed rate while keeping the duration of the spraying at a constant
value [2, 3], while others kept the quantity of the granulating
liquid constant [4] - hence the results are difficult to compare.

On the basis of the experimental results it was deduced that
the average diameter and average porosity and the particle size
distribution of the formed granulates were only slightly influ-
enced by the variation within certain 1limits cf the feed rate of
the granulating liquid, provided that the overall amount of the
binder was kept constant. Therefore, the influence of the feed
rate was neglected in addition to those parameters that had
greater effects on the above mentioned properties of the granu-

lates.

In the present paper the influence of the feed rate of the
granulating 1ligquid on the average particle size, the relative
amount of the particles not granulated, the wear strength and the
homogeneity of the binder distribution will be dealt with in
details. On the basis of the heat and liquid balances of the pro-
cess, correlations were derived for the upper 1limit of the liquid

feed rate and for the approximately optimum feed rate.

EXPERIMENTAL APPARATUS AND METHODS

The experimental laboratory granulating apparatus and the
applied experimental methods will not be described here in- detail,
since they do not depart from those described in the previous
paper of this series [1].The 0.1-0.2 millimetre fraction of quartz
sand was used as basic material and an agueous gelatine solution
of a concentration of ¢’ = 60 kilograms per cubic metre was used
as the granulating liquid. 1In the experiments dealt with in this
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paper, the concentration of the granulat¥ng liquid, the mass of
the material to be granulated, the relative expansion of the fluid-
ized bed, the temperature of the air at the inlet and the distance
between the atomizer and the underplate were kept at constant
values, 1in addition to the characteristics of the apparatus and
the basic material and the binder. The air feed rate of the atom-
izer was increased with the feed rate of the granulating liquid to
ensure a nearly identical liquid dispersion throughout the meas-
urements, so that the specific air consumption was always ' about

2.5 kilograms air per kilogram liguid.

The test and calculation methods for the physical properties
of the granulates formed were summarized in the previous paper of
this series [1] while the test methods were detailed in the first
paper [5]. :

In some cases the relative humidity of the air at the outlet
and the 1liquid content of the bed were determined several times
during the granulation at various 1liquid feed rates. The liquid
content' of the bed was determined by drying the samples taken from
the bed in a drying oven until constant weight. The relative hu-
midity of the air at the outlet was measured by an ASSMANN psy-
chrometer redesigned +to this purpose. These measurements had two
objectives: they provided data for the establishment of the heat
and liquid balances of the process and helped in deciding whether
the change of state of the air flowing through the apparatus is
really adiabatic as suggested in literature [2, 6].

At the two extreme values of the feed rate of the granulating
liquid, the concentration of the binder was determined as a func-
tion of the size of the granulates. The average binder content of
the granulates was determined by dissolving NaCl in the granulat-
ing liquid. Having concluded the granulation, the dry product was
fractioned and from the average samples of identical mass, the
labelled binder was extracted by hot distilled water. The conduc-
tivity of thermostated solutions of identical volumes of the sam—
ples were measured by bell-shaped electrodes. In the knowledge of
the relationship between the conductivity and concentration of the
NaCl sclution, the binder content was determined from the measured

conductivity.
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EXPERIMENTAL RESULTS

The effects of the feed rate on the physical properties of
the granulates were studied by altering the feed rate at four dif-
ferent values of the relative amount of the granulating liquid
(V' /v = 5; 10; 20; 30 vol per cent) while keeping the other parame-
ters at constant values. The studied feed rates were as follows:
w' = (2.5; 4.2; 5.9; 7.6 and 9.2) x 10°°

the feed rate is changed while the relative amount of the granu-

kilogram per second. When

lating liquid is kept constant, the duration of the granulation
also changes,with smaller feed rate it is longer, and with greater
feed rate is shorter. Because of the repeatability of the experi-
mental results (1] three parallel experiments were carried out in
every case so the dots in the following Figures correspond to the

average value of three parallel experiments.

The average diame-
ter of the granulates
is plotted against the
feed rate of the granu- E
lating liquid in Fig.1. "’3 0.8
The average particle .
size tends to be de-

creased by the increase

of the feed rate, though

the dots are rather 0.5
scattered. {The straight °-~v~“2~\4L_~o
lines in the Figure do 0.4

not show anything more

than the tendencies of T T 1 T ¥

the changes!) When the 2 4 6 8 10 5
relative amount of the w2107, kafsec
granulating liguid is

greater, the decrease

of the particle size is FPig.l. x - V'/V;z 3¢ vol. per cent
greater. While at a re- ; - X:;X : ig :zi: i:; g:;z
lative liquid amount of e - V'/V = 5 vol. per cent
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V' /V = 5 vol.per cent, the
increase of the feed rate
by about four times de-

60_]
g R creases the average par-
o 50 -__v-.q__ﬁr-‘ ticle size by only about
b 7 per cent at a relative
o
o 40 liguid amount of V' /V = 30
o vol. per cent this change
i 30 2___t_—_°“ﬁr——3 is almost 16 per cent.
20 In Fig. 2 the weight
7 fraction of the particles
+
—_—
Lo -——»___+__-‘ not granulated is plotted
K e x againgt the feed rate at
. . : four different values of
T T
2 4 6 8 10 the relative amount of the
”,.105, kg/sec granulating liquid. With

the increase of the feed
rate there is a slight de-

- 0.2)x10"3 m crease of this weight
5 vol. per cent
10 vol. per cent
20 vol. per cent fect was found at the
30 vol. per cent

Fig.2. 4 = (0.
«_V'/V
o-V'/V
+-V'/V
x-V'/V

fraction. The greatest ef-

LI T | I (O g

smallest liquid anount
(v’ /v = 5 vol. per cent),
where the amount of the
particles not granulated
80 decreases by about 7 weight
per cent when the feed
rate is increased from
2.5x107°
70 ¢ cond to 9.2)(10_5 kilogram

per second, which repre-

kilogram per se-

Ko aper cent
~
i

. ° sents a relative decrease

of 12.5 per cent.

T T
2 4 6 8 10 In Fig. 3 a more pro-

H’-los,kg/sec found change is shown, the

. ed
Fig.3. V'/V = 20 vol. per cent wear strength is plott
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against the feed rate of the granulating liquid. After an initial
sharp drop, the wear strength approaches a lower limit with the
increase of the feed rate, despite the fact that the amount of the

binder does not vary.

In Fig. 4 the binder
content is plotted against
the particle size at two

different feed rates. The E
tendencies are identical © N .
-
in both cases, the binder 3.0.6 -
content at first increases " g o
with the particle size, 3;0'4 g
but later it attains a ¢ o
nearly constant value.From JQO.Z
the Figure it is clear
that if a given amount of | T T B 3
the binder solution is 0.3 0.8 1.5 d-107,m
sprayed in the bed with
high velocity, that is
during a short time, there Fig.h. o — y' = 8.14)(10'_5 kilogram per
are greater differences second; o - w' = 3.4x10"7 kilogram per

. t -
between the binder content 5€602d; V'/V = 20 vol. per cent

of the particles of different size than in the case of granulation

with small feed rates.

The temperature and relative humidity of the air was meas-—
ured at the inlet and at the outlet. In the Mollier diagram of the
humid air, the point corresponding to the measured relative humid-
ity of the air at the outlet was determined from the conditions of
the air at the inlet, supposing an adiabatic drying process. The
dry bulb temperature corresponding to this point is the "adiabatic
temperature”, (T;). The comparison of T, and the measured tempera-
ture at the outlet makes it possible to see how the process ap-
proaches the ideal adiabatic one. The differences between the
measured temperatures and those obtained from the psychrometric
diagram are plotted against the measured temperatures in Fig. 5.
The discrepancies between the temperatuié of the air at the outlet
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and the adiabatic temperature were in every case less than % 20
per cent and in 75 per cent of the cases the differences were not

greater than + 10 per cent.

DISCUSSION

According to Fig. 1, 2, 3 and 4 the changes in the physical
properties of the granulates due to the increase of the feed rate
of the granulating liquid are not of the type that would make it
possible to determine a well defined optimum value of the feed
rate. The increase of the feed rate is undesirable on the one hand,
because of the worse binder distribution and because of the de-
crease in the wear strength, while it is desirable on the other
hand, because of the greater capacity and because a slight de-

crease in the amount of the particles not granulated.

The feed rate of the granulating liquid cannot be selected
arbitrarily. Both the experimental results and the theoretical con-
siderations show that there is a maximum value of the feed rate

above which granulation in a fluidized bed cannot be realized.This
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greatest feasible value of the feed rate is determined by the air
velocity corresponding to the required bed expansion and by the
ailr temperature at the inlet; after a certain feed rate, the heat
content of the air flow is insufficient for the removal of the
liquid sprayed in. In such cases, the amount of the granulating
liquid retained in the bed continuously increases and at a criti-
cal liquid content characteristic of the given system, the fluid
movement of the bed cannot be maintained even by a further in-

crease of the air velocity.

The maximum liquid feed rate can easily be determined from
the liquid mass balance of the process, in the knownedge of the
critical liquid content of the bed.

The liquid mass balance:

t'
Tt - c! _ " wo_ o r " _ Ny g "o " =
vt (1 ;T) Fp (xk xb)o, u"(t)dt th (xk xp) x 6 (1)

Equation (1) can be reduced by the introduction of the aver-—
age gas velocity (integral mean); the air flow of the atomizer
should be expressed as the product of the liquid feed rate and the

specific air reguirement of the atomizer:

A} -
w't'(1 - :’:—') - Fp"(x}'; - xt';) u"t' - kw't'(x; - xg) = er (2)

The results on the changes of the velocity of the air re-
quired for the movement of the fluidized bed, with respect to time,
and the method for the determination of the average air velocity
will be published in a following paper on the fluidization pro-
perties of the granulates.

Takirg the critical liquid content as the liguid content of

thM(%=x“LEwnMnQ)ﬂWsmemnmm&MIMm

x G + Fp"(x" - X") \—J."t'
rk k
w'! = Py L . (3)
4 - =) ] "o "
t' (1 p,) kt (xk xb)
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The liquid content of the bed attains the critical value at
which the movement of the bed stops, just by the end of the spray-
ing (during a time interval of t') if the feed rate is that cor-
responding to Equation (3). The correlation helps in finding the
feasible range of feed rates, that extends in theory from a feed
rate of zero to w&.ln practice the lower limit is the lowest feed
rate where the precondition of the formation of the liquid bhonds
does not exist because of the very small wetting. In such cases
the atomized granulating liguid becomes partly dry before getting
in the bed (drying with atomization), and partly it dries on the
surface of the particles without the formation of either liquid or

solid bonds.

The heat balance of the batch granulation in a fluidized bed
with spraying can be used for the determination of the equilibrium
liquid feed rate (wé). The latter is the feed rate at which the
heat content lost by the flowing gas i; equal to the heat required

for the evaporation of the solvent sprayed in.

The heat balance:

£ , g
Falall (@my _ qr r R Vae o= paetgt(y - & _ [
Fple (Ty ) cu) u"{tiit feret iy - o) G£ x (t)atlr Q,

()

The term cn the left hand side of Equation {(4) can be reduced
by the introductiorn of the average gas velocity (u"); moreover,
the Qv heat loss can be neglected in the case of appropriate heat
insulation, since the temperature cof the bed does not differ sig-
nificantly from the room-temperature.

t
- c
o"c;(rg - Tutt = [w'e' (1l - =) - Gé x (t)dtlr! (5)

vry

The liquid feed rate can be equated to that of the equilibrium
liquid feed rate defined above. In that case there is no accumula-
tion of the liguid in the bed, sco the eguation reduces once again:

”" - ~ ~un —_
Fo"e"(TY - KB

ST - TETe = it - L) v (6)
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Frowm FEguation {6) the equilibrium feed rate of the granulating

liguid is:

“E\'b. K (71

The practical use of this eguation is facilitated by the fact
that the temperature of the air at the outlet (Tﬁ) can be aproxima-
ted well with the help of the psychrometric diagram, in the know-
ledge of the <characteristics of the air at the inlet, since
X i® T2 (see under the heading "Experimental Results").

The applicability of Equations({3) and (7) were checked by the

T

solution of several problems. The data needed were substituted
into Equations (3) and (7) in the <case of the studied model and
the follewing values were obtained: wé = 6x10_5 kilogram per se-

cond; wﬁ = lO.leO—5 kilogram per second.

The feed rates obtained by the equations are guite feasible
and they are compatible with the experimental observations. The
calculated maximum feed rate was somewhat higher than the value of
9.2x107°
has to be remembered that at this feed rate an appreciable experi-

kilogram per second found to be just employable. But is

went was carried out so the critical liguid content of the bed was
not attained. Hence the higher limit of the feasible feed rates
can be well approximated Ly Egquation (2). The equilibrium feed
rate calculated by Eguation (7) is a good mean value in the feasji-
ble interval. Lower rates should be applied for the granulation
only if the wear strength of the granulates is to be increased or
if small amounts of some additives are to be introduced and dis-
tributed in the bed (e.g. in the pharmaceutical industry). The
decrease of the feed rate according to Fig. 3. and 4. increases the
wear strength of the granulates and helps in the relatively homo-
deneous distributicn of materials fed in small amounts with the

granularing liguid, independently c¢f the particle size.
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SYMBOLS USED

c’ concentration of the granulating liquid (kilogram per
cubic metre)
c the binder content of the granules (weight per cent)

heat capacity of the gas {kilocalories per kilogram per

o]
el L]

Degree Centigrade)

d particle size (metre)

d average particle size (metre)

F cross section area of the apparatus (square metre)

G the mass of the bed (kilogram) i

k the specific air requirement of the atomizer (kilograms per
kilogram)

K_ wear strength (per cent)

r' latent heat of the solvent (kilocalories per kilogram)

Q, heat loss (kilocalories)

T; air temperacure at the outlet from the psychrometric
diagram (Degree Centigrade)

Ti air temperature at the outlet (Degree Centigrade)

t time (second)

tf the duration of granulation (second)

u" gas velocity (metres per second)

u” average gas velocity (metres per second)

v the overall volume of the particles to be granulated
(cubic metre)

v’ the volume of the granulating liquid (cu.metre)

V’/V the relative amount of the granulating liquid (vol. per cent)

V; air flow of the atomizer (kilogram per second)

Wi feed rate of the granulating liquid (kilogram per second)

Wé equilibrium feed rate of the granulating liquid (kilograms
per second)

wﬁ maximum feed rate of the granulating liquid (kilograms per
second)

xp absolute humidity of the air at the inlet (kilograms per

kilogram)
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xﬁ absolute humidity of the air at the outlet (kilograms per
kilogram)

X ligquid content of the bed (kilograms per kilogram)

Koy critical liquid content of the bed (kilograms per kilogram)

p! density of the granulating liquid (kilograms per cu.metre)

p" density of the gas {(kilograms per cu.metre) o

REFERENCES

1. ORMOS, Z., PATAKI, K., CSUKAS, B., Hung. J. Ind. Chem. 1, 307
(1973)
2. RANKBLL, A.S., SCOTT, M.W., LIEBERMAN, H.A., CHOW, F.S.,
BATTISTA, J.V., J. Pharm. Sci. 53, 320 (1964)
MOBUS, W., Ceskoslow. farm. 18, 109 (1969)
4. DAVIES, W.L., GLOOR, Jr. W.T., J. Pharm. Sci. 60, 1869 {1971)
ORMGS, 2., Hung. J. Ind. Chem. X, 207 (1973)
6. SCOTT, M.W., LIEBERMAN, H.A., RANKELL, A.S., BATTISTA, J.V.,
J. Pharm. Sci. 53, 314 (1964)

PE3ME
-

Npu rpanynfusK, NPOMCXOARUER B NCEBLOOMHNMEHHOM cnoe, OM8HbL
Bamer aubop coOTAETCTAYKIEN CHOAOCTH NORaYH CPBHYNHPYKAUBH  WHAHOC-
TH, NOCHONBEKY 3TOT NapameTp He TOALKO BAWABT Ha 00pa3OBaHHe rpa-
HY7, HO W B 3HAYHTENLHOW MEpe ONpeABNRET NPOK3IBOAHTENLHOCTL  YyCTa-
HOBHM,

ABTOpH pacCMaTpMBaKT BNHAHKHE, OHa3LBABMOE CHOPOCTHLID NOR3YH
TPaRYNMDYIER  MHWAHOCTH Ha ¢H3IMYEeCHHe cBORCTRA (cpegHun AHamerp
HECTHU, OTHOCHWTENLHOB YWMCAD HECIPAHYNHPOBSBWHXCA 4ACTHY, WIHOCO-
CTORKOCThL, HBIrOMOFEHHOE paCNpEABREHME CBRAaynWerc semecrsa) obpaay-
WUMXCR  rpadyn. Ha 0CHOBAHWMKM ypaBHEHWH MaTEpHanLHOro W TENAOBAro
$8naHca Ouna BHEEJEHE JIABUCMMOCTE ANR ONPERENEHUR MEKCKM3NLHOMC #
PABHOBECHOrD 3HAYEHMRA CHOPOCTWM NOJAYH MHAHOCTH,
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It is important to Xxnow the influence of the
characteristics of the granulator and the procedure
upon the physical properties of the granulates produ-
ced, both from the point of view of the granulator
design and the determination of the optimum operating
parameters.However, Tew papers dealing with the adove-
-mentioned questions are to be found in literature.
The effect of the following factors: ratio minimum bed
height to diameter of bed, degree of expansion of the
fluidized bed, degree of dispersion of the granulating
ligquid, distance of the atomizer as measured from the
air distributor eand the type of the distributor upon
the physical properties of the granulates produced wvas
studied in a laboratory-size fluidized bed granulator
of batch operation. In the evalustion of the experi-
ments, the results are compared with the conclusions
published in literature and the nearly optimum values
for the above-mentioned variables are given.

From among the parameters having an influence upon the phy-
sical properties of granulates produced in a fluidized bed, the
effect brought about by changes in the relative amount of the gra-
nulating liquid, the rate of addition of the latter, its concen-
tration, and the total amount of binder fed in were investigated
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in the previous papers of this series [1, 2]. Approximative formu-
lae were presented on the basis of those experiments for the cal-
culation of the mean diameter of granules and the feed rate of the
granulating liquid. The present paper deals with such characteris-
tic parameters of the procedure and the apparatus that are of im-
portance mainly in comnection with the design and operation of

fluidized bed granulators. These parameters are the following:
- ratio of the minimum bed height to the diameter of the bed;
~ degree of expansion of the fluidized bed;
- degree of dispersion of the granulating liquid;
- distance of the atomizer from air distributor plate;
- performance of the air distributor plate.

As an introduction, conclusions of other authors in connec-
tion with the effect of the above-mentioned variables so far pub-
J,lished in literature are summarized. The experimental results and

conclusions drawn from them are then described.

In the design of fluidized bed granulators when deciding the
size of the material container, or in the case of an existing ap-
paratus, when determining the charge weight, the question of the
preferable ratio minimum bed height to bed diameter arises. Simple
fluid mechanical considerations also lead to the conclusion that
this geometric simplex may have an optimum value or optimum value
range. It is known from literatyre on fluidization [3, 4] that an
increased danger of channel formation, {slugging} is encountered
both with too shallow and with too high beds. These irregularities
have an adverse effect on the mixing, heat and mass—transfer pro—
cesses and also on the granulation. In addition, the ratio bed
height to be¢d diameter may influence the probability of collisiod
between the atomized liquifd droplets and the particles, and also
the rate of agglomeration [5]1. In spite of the probably conside-
rable influence of this variable on the physical properties of the
granules produced, and of its economic importance {maximum utili-
zation of the capacity of the apparatus}), no paper so far pub—
lished deals with this question in the manner that it deserves.
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The degree of bed expansion is a very important characteris-—
tic of fluidization and its effect must be taken into considgra-
tion in all processes carried out by fluidization. In the case of
fluidized bed granulation, an appropriate choice of the degree of
bed expansion is of decisive importance regarding the final size
distribution particle of the product [5, 6, 7, 8]. An increase in
bed expansion tends to decrease the mean granule size {5, 8} becau-
se the more vigorous motion results increased abrasion. Another
factor which makes higher bed expansion undesirable is an increase
in elutriation. On the other hand, too small bed expansion brings
about decreased mixing, "heat and mass transfer, leading to the
fofmaﬁion of "lumps" beyond the prescribed size limit. Accordingly,
the optimum value of bed expansion is always a compromise between

processes which are adverse as regards granulation and which tend

to act against each other.

It is very difficult to determine accurately the degree of
the dispersion of the granulating liguid, 1i.e. the size, and size
distribution of thé atomized droplets. Consequently, the effect of
this parameter was studied only in an indirect manner. For example,
in the case of two-fluid atomizers, which are most frequently app-
lied in the practice of fluidized bed granulators, the effect of
the pressure and flow rate of the atomizing air upon the physical
properties of the produced granules were studied {8, 91. The opi-
nion of the different authors on this gquestion is divergent. Ac-
cording to the paper of SCOTT and his co-workers [5], containing
mainly theoretical considerations, it is to be expected that the
mean drop size of the spray influences the process of granulation.
The authors ascribe this to two facts: first,increasing the degree
of dispersion also increases the specific suiface area of the
droplets and together with it the rate of evaporation of the lat-
ter. Secondly, the size, size distribution and number of atomized
droplets influence the probability of collision between the drop-
lets and solid particles, and thus also the rate of agglomeration.
However, no experiments were carried out to study the influence of
the degree of atomization. According to the work of MOBUS (8],
changing the pressure of the atomizing air between certain limits

i
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does not appreaciably influence the physical properties of the
granules. Unfortunately, experimental results were not published
and accordingly it is impossible to determine even the pressure
range studied. 'Detailed experimental data have been published by
DAVIES and GLOOR [9]1. In contrast to the above-mentioned author,
they found that upon increasing the atomizing air préssure from
0.5 to 2.0 kg/cm?, the mean granule size was decreased from 438 to
292 .

The vertical distance of the spray nozzle from the air dis-
tributor is restricted between certain limits [5, 7]. The lower
limit that can be taken into consideration is defined by the con-
dition that the atomized liquid must not wet the distributor plate
because this would lead to the formation of large lumps, clogging
of the distributor and stopbing of particle motion. The upper
limit of the location of the atomizer is determined by the spray
cone angle and the bed height, on the basis of the condition that
the atomized granulating liquid should not wet the wall of the
granulator. Opinions differ as to whether or not the variation of
the height of the nozzle between the above-mentioned limits influ-
ences the physical properties of the granules. According to MUBUS
[8], <changing the position on the nozzle does not appreciably in-
fluence the physical properties of the granules. On the other hand
various authors have observed that increasing the distance between
the atomizer and the distributor brings about a decrease 1in the
mean granule diameter [6, 9]. The change can be termed as conside-
rable. For example, experiments carried out by RANKELL and his co-
~workers showed that the mean granule size was decreased from 500y
to half this value when the atomizer in a granulator, 0.3 m in
diameter, was lifted from a height of 0.75 to 1.5 m [61. The phe-
nomencon was mainly explained by the following consideration: in
the case of a highly positioned atomizer, the spray drying that is

undesired from the point of view of granulation, become prevalent.

In the case of fluidized bed granulators, mainly perforated
plates, sieves and porous plates are applied as distributors. A
number of points simultaneously have to be taken into considera-

tion when choosing the distributor. Economic considerations re-
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quire a distributor plate that is simple, inexpensive, easy to
procure, and causes a low pressure drop. Fluid mechanical conside-
rations would require gas distributor plates made of sintered
glass or metal, fireclay, or other similar porous materials, in
order to obtain optimum fluidization motion and to avoid irregula-
rities in the fluidization process [3, 4]. This guestion can be
solved satisfactorily only 1f the influence of the quality of the
distributor op the physical properties of the granulates produced
is known. As far as the authors know, no other researchers have so

far dealt with such studies.

Having reviewed the literature connected with the subject 1t
can be stated that the parameters in guestion include some wvhose
effect has yet not been studiled in -any way; in the case of others,
mainly theoretical conclusions were drawn and the latter were
checked by a few experiments only. In some cases the conclusions
of various authors were contradictory to each other. To summarize
it can be stated that the data in literature are insufficient to
determine the approxifately optimum vyalues of the different para-

meters.

EXPERTMENTAL APPARATUS AND METHODS

A detailed description of the laboratory-size fluidized bed
granulator used for the experiments and the experimental tech-
niques will be dispensed with, because they are similar to those
described in the second paper of this series [1]. The materials
used in the experiments were a quart: sand fraction of (0.1-0.2)x
x10 °m particle size and & granulating liguid which was an agueous
gelatine solution of ¢’ = 60 kg/m* concentration. The relative
amount of the granulating ligquid as referred to the total particle
volume of the starting material to be granulated (V'/V = 20 % by
volume), the feed rate of the granulating liguid (w' = 5.9x107°
kg/sec) and the input temperature (Tg = 70 °C) were kept constant.
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EXPERIMENTAL RESULTS

The results of the research work carried out in order to
study the influence of the technical and apparative parameters
listed at the beginning of the present paper will now be described.
The influence of changes in the individual parameters upon the
mean particle size of the granulated material obtained, the mean
porosity of the granules and the relative amount of the "product
fraction" are illustrated in the Figures. Considering the conclu-
sions on the reproducibility of the experimental results,published
in the second paper of the series [1], three parallel experiments
were carried out for each experimental boint. The poiﬁts drawn
into the Figures represent the mean value of three such parallel
results. It should be noted in connection with the Figures that
the only reason to connect the experimental points with straight

lines was to illustrate the trends of the changes.

a) Influence of Changes in the Minimum Initial Bed Height and Bed

Expansion on the Physical Properties of the Granules

B3

In the case of a given diameter of the granuwlator, the mini-
mum bed height of the material to be granulated can be altered
by changiné the amount of the material fed in. In the first expe-
rimental series, the initial particle volume was iqcreased from
200x107% to  600x107% m3, in steps of 100x107® m3. Siﬁultaneously.
the minimum initial bed height showed an approximately threefold
increase. Qf course, in proportion with increasing the amqunt
of the material, the amount of granulating liguid was also in-
creased, so as to have a constant relative am@unt<of granulating
liquid as referred to the particle volume- of the material to be
granulated.

Fig. 1 shows the changes in meanrgranule diameter and mean

porosity of granulated material plotted against the minimum initi-

.
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al bed height. With increasing minimum initial bed height, the
mean granule size shows at first an abrupt decrease and later on
it convergeg to a limiting value. In addition, it is apparent that
the change in mean granule size is strikingly large as the minimum
starting bed height is increased from 6.4x1072 to 8.7x10°2 m. The
mean porosity of the granules closely follows any changes in the

mean’ grénule diameter. The relative amount of a granule fraction

_and any changes in this amount depending on the parameter under

test are index numbers of considerable importance from the point

.of view of production. Fig. 2 shows the changes in the relative

amount of the granules of the dimension (0.2 to 2.0)x1073 m plot—
ted against :Ehe minimum starting bed height. The weight ratio of
the grarule fraction conforming to the limits (0.2 to 2.0)x10"2 m
is the highest (0.81 %) at a minimum starting bed height of
6.4,10-2- m. Further increasing the initial bed height is very dis-

advantageous from the point of view of this parameter.

X
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Fig. 1. e¢' = 60 kg/m3 Fig. 2. 4 = {(0.2-2.0)x10"3 m
V'/V = 20 vol.%
w' = 5.9x107% kg/sec

The degree of expansion of the £luidized bed can be charac-
terized in the simplest way by the ratio height of the fluidized

-
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bed to the minimum bed height. During the granulation experiments,

this ratio was approximately maintained at the predetermined value.

With progressive agglomeration, the minimum bed height also
changes (it generally increases). Accordingly, from time to time
the air supply was stopped for a short period, the minimum bed

height was determined, and the air flow rate was adjusted so as to

obtain the same relative bed expansion.

In the experiments described so far, the ratio bed height to
minimum bed height was the same (Y/Ym =~ 1.6). In the study of the
effect of bed expansion, the value Y/Ym was increased from 1.3 to

2.5, in steps of 0.3, with the other parameters kept constant.
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Fig. 3 shows the changes in the mean granule size and the
mean porosity plotted against the degree of bed expansion. While
increasing the ratio height of the fluidized bed to the minimam
bed height from 1.3 to 2.5, the mean granule éize showed a -~ near-
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ly linear - decrease, Upon increasing the bed expansion, the mean
porosity of the granulates also decrease nearly linearly in the
range studied. It is apparent from Fig. 4 that the weight fraction
of the granules of the (0.2 to 2.0)x1072 m size range first in-
creases and thereupon it gradually decreases with increasing bed
expansion. The maximum value is at - or near to - a bed expan-

sion of 1.6.

b) Influence of Liquid Dispersion and Location of the Atomizer on

the Physical Properties of the Granules

In the case of the two-fluid atomizer used in these experi-
ments, the degree of liquid dispersion can be influenced by ad-
justing the pressure of the atomizing air. With constant feed rate
of the 1liquid to be atomized, the degree of liquid dispersion is
increased by increasing the air pressure. In order to determine
the connection between the two variables, it would have been ne-
cessary to measure the drop size distribution in the atomized
stream, and the variations of the latter as a function of the air
stream. However, such a detailed study of atomization was beyond
the scope of the present experiments and it was considered suffi-
cient, in order to be able to draw conclusions of a qualitative
nature, to study the effect of the degree of liguid dispersion in
an indirect manner, through the influence of the changes in the

atomizing air stream.

In the next series of experiments, the only changed parame-
ter was the air mass flow of the atomizer. The atomizing air flow
in these experiments was increased from (6.7 to 30.5)x107%kg/sec in
four steps. It is apparent from Fig. 5 that the mean particle size
of the granulated material is not influenced to an appreciable
degree even if the atomizing air flow is changed considerably. The
mean granule diameter changes in the (0.57 to 0.66)x10~3 m range:
at first it increases and thereupon it slightly decreases. The
mean porosity of granules shows an abrupt increase and afterwards
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1ts value remains constant. The relative amount of the granulated
fraction corresponding to the size range (0.2 to 2.0),10"3 m
changes according to a curve passing a flat maximum when plotted
against increasing air atream - as shown in Fig. 6. However, it
should be noted that when further increasing the atomizing air
flow, at a value of 43.3xlO‘5vké/sec, the experiment could no lon-
ger be evaluated. Accordingly, the changes in the physical proper -
ties of the granules brought about by the atomizing air stream are
not as slow and gradual as could be judged on the basis of Figs. 5
and 6, but abrupt changes can be observed under a lower and over
an upper limiting value. The explanation for this fact is that ad-
equate dispersion of the liquid stops under a certain given air
stream, whereas too fast an atomizing air stream virtually "shoots"
the liguid into the layer and the material to be granulated clots
unto the air distributor plate.
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The task of the next experimental series was to determine
the effect of changes in the height of the atomizer on the physi-
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cal properties of the granules produced. In these experiments, the
vertical distance of the atomizer, as measured from the air dis-
tributor plate, was changed from 9.10"2 to 24.102 m in steps of
3.1072 m,

At the same time, all other variables were maintained at a
constant value. The mean particle size and mean porosity of the

obtained granules plotted against the distance of the atomizer as

measured from the air digtributor is shown in Fig. 7, determined
L kL
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in these experiments. It is apparent from the Figure that the
height of the location of the atomizer does not influence the mean o
granule diameter tg a considerable degree within the studied range. k
The mean granule size value fluctuates between about 0.60x1073 and
0.65x107> m. In this case, the mean porosity does not follow the
Changes in mean diameter, but it gradually increases with the in-
Creasing distance between the air distributor plate and_the atom—
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izer. Loecation of the atomizer has a most marked influence on the
granule size distribution of the product. This is illustrated by
Fig. 8 which shows changes in the relative amount of the granule
fraction corresponding to the predetermined size range - (0.2—2‘.0)X
x1073 m - plotted against the distance between the atomizer and
the distributor. By lifting the atomizer from a height of 9.10-2
to 24.1072 m, the amount of granules ¢f product fraction was in-
creased, according to the trend apparent from the Figure, from

~ 53 % to ~ 86 & by weight.

c) Influence of the Quality of the Air Distributor on the Physical

Properties of the Granules

The influence of the quality of the distributor on the phy-
sical properties of the granules was studied with the application
of four different distributors, under otherwise identical condi-
tions. The distributor plates studied were the following: porous
glass plates, sieves of 25x10~6 and 90x107®% m openings, and a per—
forated plate of 12 mm perforations with a free surface ratio of
0.45; in order to prevent the escape of the granules, 4 sieve of

25x107% m openings was placed under the latter.

These experiments revealed the result that the mean granule
size, mean porosity and particle size distribution of the granula-
ted material obtained are practically independent on the quality

of the air distributor.

EVALUATION OF THE EXPERIMENTAL RESULTS

T—
According to the results of the present experiments, in-
creasing the minimum starting bed height of the starting material
decreases the mean granule size, and together with it, the mean
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porosity of the final product. An explanation for this phenomenon
can be given - as has already been pointed out in the introduc-
tion - by two reasons. Increasing the starting bed height over a
certain limit, this results in decreased uniformity of the fluidi-
zation, slugging and strong bubble formation being produced. The
latter brings about an ipcrease in the degree of regranulation.
The second important effect of increasing the initial bed height
in fluidized bed granulation is that - as far as the ratio of the
wetted surface area of the bed to the total surface area is un-
changed - increasing the bed height decreases the probability of
the solid particles meeting a ligquid droplet. In granulation tasks,
it is generally required that as much of the product as possible
should conform to the size limits defined by the purpose of appli-

cation.

With this in mind, and on the basis of Fig. 2 and other ex-

perimental findings, it can be stated that in fluidized bed granu-
lators it is preferable to choose an initial bed height that cor-
responds to 1/2 to 2/3 of the bed diameter (i.e. the inner diame-
ter of the granulator). In the case of initial bed higher than
that, the amount of particles left ungranulated will increase and

the amount of the granules of product fraction will decrease.

In the case of a given starting material and a given binder,
the degree of regranulation primarily depends on the intensity of
the motion of the particles and on the degree of bed expansion.
The decisive importance of this parameter regarding final granule
composition was confirmed by the present experiments and is also
in agreement with the findings of other authors [5, 6, 7, 81. Ac-
cording to Fig. 3, the mean granule diameter and perosity show an
abrupt decrease with increasing bed expansion, due to the in-
creased abrasion of the granules. It can be concluded on the basis
of Fig. 4 that the approximately optimum value is a relative bed
expansion to about 1.6 times the initial value.

The experimental results illustrated in Figs. 5 and 6 ju3§ify
the conclusion that the degree of liquid dispersion has, within

certain limits, no appreciable influence upon the physical proper-—
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ties of the granules produced in the process. Increasing the atom-
izing air flow, primarily influences the particle size distribu-
tion however, as it is apparént from Fig. 6, in the middle part of
the studied range, over a rather wide interval, even this influ-
ence is negligible. The amount of the "product fraction" is prac-
tically unchanged when the specific amount of atomizing air is in-

creased to double its value, from 1.8 to 3.6 kg air/kg liquid.

The conclusions of the authors as to the influence of the
degree of atomization agree with the opinion of MUBUS [8] and
disagree with the experimental results of DAVIES and GLOOR [9]. In
addition to the different experimental conditions and techniques,
this discrepancy can be explained by the fact that the drop size
distribution of the atomized liquid, or any changes 1in it, were
unknown in both cases and consequently the experimental results

cannot be compared.

Some authors {6, 91 observed a decrease in mean granule size
1f the distance of the atomizer, as measured from the air distri-
butor plate, was increased. In their opinion this is caused by the
fact that the drops must travel a longer way to reach the bed if
the position of the atomizer is higher. 1In this case, the smaller
droplets may dry and lose their adhesive property. In the opinion
of the authors of the present paper, whether the above-mentioned
process - undesired with regard to granulation - does or does
not occur, is determined not only, and not primarily by the posi-
tion of the atomizer. Factors such as, e.g. the temperature of air
leaving the bed, the concentration of the granulating liquid, and
the fineness of the spray, etc., are responsible in this respect.
The above process did not occur in the range studied in the pre-
sent experiments and it can be stated on the basis of Fig. 7 that
when changing the distance of the atomizer, as measured from the
distributor, within the practically feasible range, the mean gra-
nule size remains unchanged. However, an interesting phenomenon
can be observed on Fig. 7. This is the following: the higher posi-
tion of the atomizer leads (even in the case of decreasing mean
particle size) to the production of gfgﬁhles of higher pOIOSity-H
This observation can be explained by the fact that increasing the
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distance of the nozzle from the air distributor plate, granule
production can also occur in a bed of lower density, where the
abrasive and compacting effects are less pronounced than in a flu-
idized bed of higher density. 1In the case of an unchanged cone
angle of spray, the higher position of the atomizer increases the
wetted surface area of the bed, 1i.e. the wetting is more uniform;
and consequently the amount of granules of “"product fraction" is
increased (cf. Fig. 8). Of course, this can be true only up to a
certain limit, since in the case of a too highly positioned nozzle,
part of the granulating 1liquid wets the wall of the gramulator
instead of the bed as was pointed (out in the introduction), this

is disadvantageous from several points of view.

On the basis of the results of these experiments and the ex-
perience on granulation acquired over several years, the following
formula is proposed for the determination of the approximately op-
timum distance of the atomizer as measured from the air distribu-

tor plate:

b
2 tg

(1)
a
2
Equation (1) expresses that the granulating liquid is to be
atomized on top of the dense layer (Yd:: Ym) in such a way - in
order to prevent "carry up to the wall® - that the diameter of
the circular wetted patch on top of the dense layer is 0.8 times

the diameter of the apparatus.

The result obtained in connection with the influence of the
type of distributor is of major importance. It can be concluded
that it is wunnecessary to apply distributors made of a porous
plate, whose production on an industrial scale is difficult and
expensive, and whose resistance against flow is high. The particle
size distribution and other physical properties of the granulated
material by the granulation process remain unchanged, if instead
of a porous plate, a sieve of adequate mesh is used as a support.
A perforated plate of large free cross sectional area is placed

under the sieve to supply mechanical strength.
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The results reported in the present paper were applied in
the design of the pilot-plant and the industrial-scale fluidized
bed granulator. The correctness of the design principles is con-
firmed by the fact that the physical properties of the granules
produced by the equipment, correspond in every way to the prede-

termined standard.

SYMBOLS USED

c!' concentration of the granulating liquid (kg/n?)

b, diameter of the apparatus (m)

a mean granule diameter (m)

d particle size or sieve pore size (m)

T, ' temperature of input air (°c)

v total particle volume of material to be granulated (m3)
V! volume of granulating ligquid (m3)

V; atomizing air stream (kg/sec)

V'/V relative amount of granulating liguid (vol.%)

! feed rate of granulating liquid (kg/sec)
Y height of the fluidized bed (m)

Y. minimum bed height (m)

LS minimum starting bed height (m)

Y/Ym degree of bed expansion (dimensionless)
Y height of the dense layer (m)

Y distance of the spray nozzle, as measured from the air

distributor (m)
a angle of spray (degree)

—

E average porosity of granules (dimensionless)
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PE3HME

B uenax NpOBHTHPOBAaHKH yCTawoBOK, FP3HYAMP Y IoUM X nocpegcTeom
MCBBLOOKHMEHHOrG CAOA, W ONPBABNBHHA ONTHMBNbHEX YCAOBHH HX padoTu
B8KHD 3HATL HAHOD ABHCTBHE OHA3WBAKT TBXHONOrHYBCHHE M annapaTyp-
HHE XBPAKTEBPHCTHHH HE GHSHYBCHHB CBOWCTBA  05pAa3yKILMXCA rpadyn. B
MTepaTyps BCTPBYAETCA NHWL HB3HAYMTENLHOE 4wWciao paboT, noapotHo
FIHHMBIOWHXCR STHM BONPOCOM. ABTOPH JAHHON CTATbHW H3 OCHOBAHWM SHC-
MEPHMBHTOB, NPOBBABHHEX B YyCNOBHAX Na60OPaTOPHOIrO peaxTopa nepHogn-
MBCHOMO ABHCTBHA © NCBRACOMHMEHHWM CAOeM, ONPBABNHAKM OTHOWEHKE MH—
HHMAALHOH BHCOTH CROA/K AMAMBTPY CROA, 38BHCHMOCT. pasmMepa cnof oT
CHOPOGTH raaa, a TauWe TO, B HAHON CTBNBHM BAHAST wa pH3IHYBCHHE
CBOWCTBA rpaHyn BHA 803AyX0OpPACNpPEABNKTENLHON MAACTHHE W PACCTORHME
PBCNEAHTBALHON FON0BKK OT 3TOH NNACTHHL. Hpome Toro, asTopw cpas-
HHNK CBOH 3SKCNBPHMEHTANLHEE PB3YALTATH C COOTBETCTBYUMMKH  iMTepa-
TYPHEMH [aHHLMH, W fanee NPeACTEBHAH ONTHMANLHLE 3HAYEHHA 8HWBYMNO-
MAHYTHX NBPEMBHHEX,
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The egquations for the calculation of the void
fraction of layers fluidized with & liquid,most widely
Xnown from literature, and those derived from the
first paper of the series are briefly described. The
equations are transformed to & form which can readily
be applied in practice even in the case of porous
particles. The mean values of the "constant coeffici-
ents'" of the equations, and the dependence or inde-
pendence of the- different "constants” on the various
parameters was studied. The calculation methods are
evalusted by the comparison of void fraction values
determined experimentally apd calculated by the pro-
posed equations.

The expansion of fluidized layers can - among others - be
characterized by the void fraction [1]l. A number of calculation
methods are known for the determination of the void fraction of
layers fluidized with a 1liguid on the basis of the flow rate of
the liquid, the diameter of the particles and other parameters. In
the previous paper of the present series, an equation was derived
in a theoretical manner which enables the void fraction of layers
fluidized with a liguid to be calculated [2].

The present paper briefly summarizes the most important

equations for the calculation of void fractions known from litera-
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ture. Equations taken both from literature and proposed by the
authors are evaluated critically. In the course of the latter, the
dependence or independence of the ‘'constant coefficients" of the
equations on the parameters of the liquid and of the particles was

studied, and the applicability of the equations was put to a trial

by the comparison of results obtained, on the one hand, by calcu-
lation with the equations, and, on the other, by experimental
measurements. -

METHODS FOR THE CALCULATION OF THE VOID FRACTION OF LAYERS

FLUIDIZED WITH A LIQUID.

When deriving equations for the calculation of the void
f;action of fluidized systems and studying the laws of such sSys—
tems, a number of researchers have come to the conclusion that the
void fraction is proportional to the flow rate of the fluid and
the falling rate of the individual particles.

To a considerable degree, RICHARDSON and ZAKI [3] promoted
the theories related to the expansion of fluidized layers known
up to now. The eguations they proposed describe the dynamic equi-
librium of the individual particles as a function of the particu-
lars of the layer and of the apparatus. The following groups were

determined by analysis:

- - f (Re, *%—, €') (1)
~

The data relating to layer expansion were given in the fol-
lowing form:

1 (2)
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According to the above equation, the function flow rate of
the liquid vs. void fraction, when drawn in a 1lg-1g co-ordinate
system, gives a straight line whose slope is a;. The experimental
data were examined by this method and the following equations were

presented for the calculation of aj:

d

a; = (k.35 + 17.5 ) Re 203 ir 0.2 < Re < 1 (3)
a1 = (L4.4s + 18.0 %) Re‘o'l, if 1 < Re < 200 (&)
a; = 4.5 « ge O3, if 200 < Re < 500 {s)
a] = 2.39, if 500 < Re < 500 (6)

The Reynolds-numher contained in these expressions is the

follbwing:
Re = L 4 p! : (1)

JOTTRAND [4] proposed two equations for the calculation of
the void fraction of fluidized layers. One of these is essentially
identical to Equation (2) described in the foregoing, whereas the

other is the following:

18 5v = a2 (1 - &) (8)

Equation (8) represents, according to the author, a good approxi-
mation 1if the void fraction is within the range of 0.7 to 1 and

the value of a, is 2.63.

In his book on fluidization, BLICKLE [5] proposed - among
others - the following expression for the calculation of the void

fraction:

m1

et - . m (9)

o -
B
=

It has already been pointed out in connection with the éxa-

mination of the above Equation tha& a better agreement with expe-
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rimental data can be obtained by application of the following

supplemented formula [61]:

Ay ——= (10)

SAXTON and his co-workers [7] proposed an equation for the
calculation of the wvoid fraction of layers fluidized with a liquid
based upon the cell-model theory of homogeneous fluidization:

s')‘1/3 - (1 - e')'1/3 = 18.8 Re Ar
c . m

0.86

(1 (11)

where the Reynolds-number is equal to Equation (7) and the Archi-
medes number is the following:
{p - p')p'd g
Ay = —MmMmMM (12)

)‘IZ

Connections describing the streaming of the fluid, the motion
of the particles and the layer expansion in systems fluidized with
a liguid were derived, starting from the physical model; these
were described 1in thé first paper of the present series [2]. The
following equation was obtained for the expansion of layers flui-
dized with a liquid [2]:
=1-0.75 (1 - (13)

€

ut.3/2
- )

e

'
c

In the practical application of the above equation 4t was
found that the value of the constant differs in practice from the
thecretically derived value of 0.75 to a considerable degree, and

consequently the eguation can be written in the following form [6,
81:

- - U’ 3/2 .
€ =1-8a(1-—2) . - {1k)
e .
Consgidering that Equation (14) is valid even at the minimum
- fluidization rate, the following equition can be given for the

calculation of the void fraction [2]:
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1 - e!
m

Uu'.3/2
. 7 -5 (15)

(1 . m y3/? e

u
e

In the following, the applicability of Equations (2), (8),
(10), (11), (14) a%d (15) is examined according to ths two points
of view mentioned in the introduction of the present papex. Matu-
rally, in addition to these equations, a large mumber of calcula-
tion methods have been described in literature [5, 6, %, 10, 11,
12, 13, etc.]. However, the description and evaluation of these is
outside of the scope of the present paper whose intention is only
to illustrate the applicability of a few of the more widely known
caltulation methods and to compare them with the Equatioms (14)
and (15) derived by the authors.

EXPERIMENTAL AND MEASUREMENT TECHNIQUES

The technique based on the determination of layer height was
applied for the determination of the mean void fraction in the ex-
perimental studies on the expansion of layers fluidized with a
liquid. The experiments were carried out in a cylindrical glass
apparatus with a diameter D = 0.04 m which contained a fritted
glass disk of the porosity of G2 in order to sustain the fluidized
layer. The height of the latter was measured, to an accuracy of a
few miilimetres, by means of a scale secured to the wall of the
appara%us and the mean void fraction was calculated with the fol-

lowing formula:

G
i (16)
&

The quantity of the streaming liquid (water) was measured
with a rotameter. The linear flow rate was calculated from the vo-
lumetric flow rate and the cross sectional area of the apparatus.

Y -

®mi

|
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The minimum void fraction values were calculated from the
minimum fluidization layer height by means of Equation (16). The
minimum layer height was determined by measuring the layer height

produced upon slow reduction of the liguid flow rate.

The minimum fluidization rate was obtained from the measured
mean void fraction-flow rate values by extrapolation of the flow

rate to the minimum void fraction.

The mean falling rate of the tested particle fractions was
determined, having plotted the liquid flow rate against the meas-
ured mean void fraction values in a lg-1g plot, by graphical ex-

trapolation of the liquid flow rate to the value of €' » 1.

The mean porosity of the particles was determined by appli-
cation of a technique, based on the identical space filling pro-
perties of particles of similar shape, proposed by the authors of

this paper ([14].

EXPERIMENTAL RESULTS

The experiments on layer expansion were carried out with a
total of 29 particle fractions prepared of 5 different materials.
The streaming liquid in the experiments was tap water of 12 - 14 ¢
temperature. The extent of layer expansion was determined with
each particle fraction at 13 to 15 different flow rates. The de-
pendence of the void fraction of the layer on the flow rate of the
liquid is not presented in detail, merely the most important data

are summarized in tabular form.

The most important physical properties of the examined gra-
nular materials (such as density, and porosity), the mass of the
material weighed in for the experiment, the mean size and the size
limits of the tested grain fractions, as well as the experimental
data pertaining to the minimum void fraction, minimum fluidization
rate and the mean falling rate of the paxticles are summarized in

Tables 1. to 5. shown ir the following.
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e 1.

System glass beads—water

2960 kg/m3,

p = =0, G = 0.08 kg
3-103 (m) E%t UA~102 (m/seé) -102 (m/sec)
1 0.15 0.4t 0.06 2.0
2 0.18 0.4y 0.12 2.5
3 0.25 0.4Y 0.20 3.2
b 0.L42 0.k4b 0.30 L.2
Table 2. System sand—water
p = 2635 kg/m3, = 0, G = 0.05 kg
a-10° {(m) E;t Um'*lo2 (m/sec) ﬁe-lo2 (m/sec)
1 0.10 - 0.20 0.51 0.08 1.2
2 0.20 - 0.32 0.51 0.13 2.5
3 0.32 - 0.ko0 0.51 0.19 3.9
5 0.4 - 0.50 0.51 0.26 5.0
5 0.50 - 0.63 0.51 .39 5.9
6 0.63 - €.80 0.51 0.6k 7.0
7 0.80 - 1.00 0.51 1.10 9.0
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Table 3. System hematite—water

p = 4150 kg/m3, Ep = 0.12, G = 0.09 kg

Vol.

d-lO3 (m) Eit UH'J-lO2 (m/sec) 56-102 (m/sec)
1 0.10 - 0.20 0.56 0.1¢C 1.5
2 0.20 - 0.32 0.56 0.30 L.o
3 0.32 - 0.ko 0.55 0.60 6.0
b 0.40 - 0.50 0.55 0.95 7.5
5 0.50 - 0.63 0.56 1.30 9.5
6 0.63 - 0.80 0.57 1.70 12.0
T 0.80 ~ 1.00 0.57 2.20 15.0
Table k. System porous nickel spheres—water
p = Th50 kg/m3, EP = 0.32, G = 0.13 kg
d-lO3 (m} €;t U;l-lo2 (m/sec) 58-102 (m/sec)
1 0.20 - 0.32 0.60 0.5 7.0
2 0.32 - 0.k0 0.59 0.8 12.0
3 0.%50 - 0.s50 0.59 1.1 18.0
4 0.50 - 0.63 0.59 1.k 25.0
5 0.63 - 0.80 0.58 1.8 33.0
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Table 5. System burnt clay—water

o = 2h20 kg/m3, Ep = 0.50, G = 0.03 kg

4-10° (m) el Un'l-lo2 (m/sec) G107 (m/sec)
1 0.20 - 0.25 0.T5 0.12 1.4
2 0.25 - 0.32 0.75 0.18 1.8
3 0.32 - 0.ka 0.76 0.25 2.4
4 0.0 - 0.50 0.76 0.36 3.2
5 0.50 - 0.63 0.76 0.45 3.8
6 0.63 - 0.80 0.76 0.55 h.6

APPLICATION AND EVALUATION OF THE CALCULATION METHODS

The starting poiht in the examination of the formulas propo-
sed for the calculation of the void fractlon is that these enable
determination of the free volume or liquid-filled volume fraction.
There is no problem in the case of materials consisting of compact
granular materials; however in the case of porous particles the
void fraction values determined in practice experimentally refer
not only to the free space between the particles, but also include
the pore space of the particles filled with the liquid. This is
brought about by the fact that the density of the particles is de-
termined in most cases with the pycnometer technique with the
application of a 1liguid which has good wetting properties and in
which the material of the particles is insoluble. This means that
by this technique practically the density of the solid forming the
material of the particles is determined and only the closed pores
and channels, or those of such small dimensions as to be imperme-
able for the liquid may cause some deviation. Moreover, it often



502 Z. Ormbs and T. Blickle Vol. 1.

occurs that the density values are simply taken from literature or
{rom handbooks; however, such data most frequently refer to the
compact material. Whether it is a density value determined by a
pycnometer, or one taken from literature that is substituted into
Equation (16), the obtained (experimentally determined) void frac-
tion values include the total volume permeable by the liquid. The
aforesaid should be taken into consideration in the evaluation of
the calculation methods, because in the case of heap of porous

particles this is the only reliable method of evaluation.

Starting from the definition of the void fraction and based
on geometric considerations, the following connection between the
two kinds of void fraction values may be written:

(17}

=e + (1-e) Eé

™l
-
Le]

Accordingly, in order to be able to carry out the calculation,
the mean porosity of the heap of particles has to be known. A
simple measuring technique, which can be utilized in an easy way,
has been develcped by the authors [14].

In the application of Equation (2) described by RICHARDSON
and 2AKI [3]1 the first question is the following: which is the
equation that is to be used for the calculation of the “constant?®
ay. Calculations were carried out in this respect and it was con-
cluded that in the case of the models encountered in practice it
is Equation (4) that is most frequently applicable. Accordingly,
on the basis of Equations (2), (4) and (7) the following can be
written:

0.1

U’ Re
"=+ (1 - g y(Ey Re T” (18)
E P Fl¥e ks 418 2

€

The next guestion which is encountered is whether the Reynolds

number is to be calculated for each separate liquid flow rate. The

above problem is unequivocally settled by the data presented in
Table 6.
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Table 6. System sand—water

d-10 a a] ay a1y
calculated calculated calculated measured
(m) e' = 0.6 £' = 0.8 g' = 1 (mean)

0.10 - 0.20 5.1 .5 k.3 k.1
0.20 - 0.32 4.} k.o 3.8 3.7
0.32 - 0.ho k.1 3.8 3.6 3.4
0.40 -~ 0.50 3.9 3.6 3.5 3.2
0.50 - 0.63 3.8 3.5 3.k 3.0
0.63 - 0.80 3.6 3.k 3.3 2.9
0.80 - 1.00 3.5 3.3 3.2 2.8

As it is apparent from Table 6, the agreement between the a;
values determined experimentally on the one hand, and calculated
with Equation (4) on the other, is best if &' = 1, i.e. if the
mean falling velocity of the particles is substituted into the

equation.
Considering this fact, Equation (18) can be written in the

following form:

(u a p,)O.l
< (19)

s, + (1 e )

'
t e uw % tuus + 18 D

Fig. 1 shows the difference between the void fraction values
determined experimentally and calculated by Equation (19), plotted
against the experimentally determined value. It can be concluded
from the Figure that the relative deviation is in all cases lower
than + 10 %, and in the overwhelming majority of the cases it is

lower than + 5 %. Computer evaluation led to the conclusion that

the mean relative deviation is * 2 %.

Equation (8), described by JOTTRAND [4], can - considering
Equation (17) - be written in the following form:
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Fig.l. x - glass beads; o - sand; ® - hematite; * - porous nickel
spheres; A - porous burnt clay
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1 - ¢ u

Bl =1 - ——EZ—E 18 v (20}
The value of the "constant" ap; of the equation was determined
for the model substances used in the experiments in about 400
cases and ap = 1.75 was obtained as a mean value. The mean scat~
tering of the "constant" a,, as a function of flow rate, was found
to be o = % 9 %, whereas the scattering depending on a particle

size was ¢ = % 13 $%.

The difference in void fraction values determined experimen-
tally and calculated by Equation (20) (a, = 1.75), plotted against
the experimentally determined value is shown in Fig. 2. It is ap-
parent from the Figure that the relative, deviation is, in most
cases, lower than * 10 % and the average relative deviation is +5
and -3 %.

On the basis of Equation (10) [5] and taking Equation {17)

into consideration, the following equation can be written:

e 2 , \ 1/2

P) gr - Um .
1 - ¢ u

P e

e!,
T _ mt
ey = &p * (1 sp) (

The mean value of the "constant" is 53 = 1.15, its mean
scattering depending on the flow rate of the liquid is ¢ = + 18 &,

its mean scattering depending on the particle size is o = % 16 %.

The difference in void fraction values determined experimen-
tally and calculated by Equation (21) {az = 1.15), plotted against
the experimentally determined value is shown in Fig. 3. It can ke
concluded from the Figure that except for a few cases the relative
deviation is lower than % 10 %. The mean relative deviation was
found to be *+ 4 %.

In the examination of Egquation {11) derived by SAXTON and
his co-workers [7] it was found possible to bring it to a simpier

form by substitution of Equations (7) and {12}:

ESN
18]
i8]

y-1/3 _ _sé}—l/Z _ o

(1 - ¢ "
e
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On the basis of Eguations (22) and (17), the following for-
mula can be written for the calculation of the void fraction:

(L -er )2 - Ep)

[(1 - ep)l/3 + (1 - en)t/3 L3

™1

ot =
[}
[y
¥

23)
m u
e

The difference in void fraction values determined experimen-—
tally and calculated by Equation (23}, plotted against the experi-
mentally determined values, 1is shown in Fig. 4. It is apparent
from the Figure that in the overwhelming majority of the cases the
relative deviation is lower than +5 and -10 %. The mean relative
deviation is +2 and -5 %.

Taking Equations {14) [2]1 and (17) into consideration the
Equation derived by the authors is the following:

71 /o L.

=1 - oay (1-e)(1 - 53F (2u)
b4

e

ml
o+ -

It was found in the experiments that the mean value of the
"constant" a, = 0.55, its average scattering depending on the flow
rate is ¢ = * 6 % and its average scattering depending on the par-

ticle size is ¢ = =10 %. Accordingly, Equation {24} can be written

in the following form:

¥
P =1 - 0.s5 (1 - e {1 - 1537 (25)
% T Ue

The difference in mean void fraction values determined expe-
rimentally and calculated by Equation :25) plotted against the ex-
perimentally determined value is shown in Fig. 5. It is apparent
from the Figure that the relative deviation is in all cases lower
than =+ 10 2 and in the overwhelming majority of the cases lower

than * 5 %. The average mean deviation is +3 and -2 5.

Equation {15} [2], as written on the basis of Eguation 14t

derived by the authcrs can be brought to a simpler form:

3%

o1

-
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The difference in the void fraction values determined expe-
rimentally and calculated by Equation (26), plotted against the
experimentally determined values, is illustrated in Fig. 6. It can
be concluded from the Figure that the relative deviation of the
measured and calculated values is in the overwhelming majority of
the cases lower than +10 and -5 %. The mean relative deviation is
+4 and -2 %.

Summarizing the aforesaid it can be concluded that from
among the formulas used for the calculation of the void fraction
of layers fluidized with a liguid, Equation (19) derived from the
Equation (4) of RICHARDSON and ZAKI [3], and Equation (25) derived
from the Equation (14) by the authors of the present paper [2] are
those yielding results which best approximate the values determi-

ned experimentally.

The agreement was also fairly good in the case of the other
examined formulas; however, in case of these the mean relative de-
viation was on the one hand higher, e.g. Equations (20) and (21),
and on the other the higher deviation is asymmetrical, e.g. with
Equations (23) and (26). It is to be noted that from among the
above Equations {20) and (23) yield values which at higher layer
expansions show a good agreement with the experimental data. Equa-
tions (19) and (25) describe the layer expansion correctly in the
whole range and consequently the application of these is recommen-
ded for the calculation of the expansion of fluidized layers.

SYMBOLS USED

a1, as, ag, &y constans

Ar Archimedes-number [cf. Equation 112!]
d diameter of the particles {metre’
d mean diameter of the particles imetre’

D diameter of the apparatus {metrs’



[L]]
vt

[4]]
1 -

Z. Orm8s and T. Blickle Vol.

cross sectional area of the apparatus (m2)
gravitational acceleration.(m/secz)

mass of the particles present in the layer (kg)
Reynolds-number [cf. Equation (7)]

falling rate of'éhe particles (m/sec)

mean falling rate of the particles (m/sec)

linear flow rate of the liquid as referred to the total

cross sectional area of the apparatus (m/sec)
minimum fluidization liquid flow rate (m/sec)
height of the layer (m)
minimum layer height {m)
mean void fractibn of the layer
calculated mean v6id fraction of the layer

minimum void fraction of the layer

minimum total void fraction or liguid volume fraction of the

laver
pore volume fraction of the particles

mean pore volume fraction of the particles

calgulated mean total void fraction or liquid volume fraction

©of the layer

mean total void fraction or liquid volume fraction, determi-

ned on the basis of layer height measurement
dynamic viscosity of the liguid {kg/sec-.m)
density of the particles {kg/m3},

density of the liquid {kg/m3}
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PE3RME

B maHHON CcTaTbe asTOpH HPaTHO O03IHAKEMAMBART C MMEHUWKWMWCA B
nutepatype Haubonee pacnocTPaHeHHHMW YPAasHEeHWAMH, a8 TaMse C BhBe-
OEHHHEMM MMM B Npejufylie#t cTaTee [aHHOMO UWHA2 33BUCHMOCTAMM, ans
BWUMCABHWA NOAW CBOGGAHOrO o6beMa NCEBAOOKMWMEHHLIX MOCPEACTEOM MML-~
HOCTW CROBB. YKa3aHHHE 38BHCHMOCTH MPUBOAATCA H BMAY, TNPAHTHHECHHM
HEMOCPEACTEEHHO MPUMEHHMOMY, PacrnoCTpaHAmlWeMycs game Ha chayda#
NOPUCTHX 4acTHly. ABTOpamMd onpegensHb CpejHWe 3Ha4YeHHd HMeKuMXcs
8 ypasHeHMAX "MOCTOAHHHIX COMHOWWTEneH”, HpoMe Toro, "NOCTOAHHLE"
GuiiW MNpoBepeHs Ha 3aBMCHMMOGTE OT pPasnu4HEX napaveTpos. buna npose-
AeHa NpoBEpHa pacYeTHHX METOL08 MNOCPEACTBOM CpaBHEHWA nofiyHeHHLX
SHCNEGMMBHTANEHO W PACCYMTAHHLIX MO YPDaBHEHWHAM 3HAYEHWM JAONWM CB8O-
GogHoro oSwema.
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VERFAHREN ZUR HERSTELLUNG VON FETTSAUERZUCKERESTERN
A. UJHIDY, J. SZEPVOLGYI und Z. SZABO*

(Forschungsinstitut fir Technische Chemie der Ungarischen
Akademie der Wissenschaften, Veszprém und

*Zentralforschungsinstitut flr die Lebensmittelindustrie, Budapest)

Eingegangen am 7. September 1973.

Die Darstellung einer Gruppe der oberfléchenak-
tiven Stoffe, der Fettsdurezuckerester Saccharosepal-
mitat und Saccharosestearat wurde untersucht, mit be-
sonderer Riicksicht auf die Erh8hung des Mcnoesterge-
haltes im Produkt. Die optimalen Parameter der char-
genweisen Darstellung des an Monoester rexchen Fett-
siurezuckeresters im LabcratoriummaBstab werden auf
Grund der Versuchsergebnisse angegeben. Versuche zur
halbkontinuieriichen Darstellung von Fetts&urezucker-
estern im Diinnschichtreaktor wurden ebenfalls durch-
gefihrt.

EINLEITUNG

Die Zuckerester der Fettsduren werden im allgemeinen durch
die Umesterung von C4s-Czo Fettsaurealkylestern mit einem Zucker
in LOsung, in Anwesenheit eines geeigneten Katalysators herge-
stellt. »

Die ersten Versuche zur Darstellung von Zuckerester wurden
Mitte des vorigen Jahrhunderts durchgefiihrt, als BERTHELOT [11 ei-
nen Zuckerester durch Erhitzen von Saccharose mit Stearinsdure
herzustellen versuchte. LORAND [21 gewann den Zuckerester der Patl-
mitinsiure in der Reaktion von Zucker mit Palmitinsdureanhydrid in
Monochloressigsdure als Losungsmittel, in Anwesenheit eines Magne-

siumperchiorat-Katalysators.
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Die Umesterung des Methylstearats mit Zucker wurde von OSIPOW
und Mitarb. [3] eingehend untersucht in Dimethyl-formamid und Di-
methylsuifoxyd als Losungsmittel.

Die Umesterung ist eine Gleichgewichtsreaktion, und das
Gleichgewicht soll durch die rasche Entfernung des in der Reaktion
gebildeten Methanols in Richtung der Bildung des Saccharoseestérs
verschoben werden. Dies kann durch die ErhBhung der Temperatur er-
reicht werden. Diese Mgglichkeit ist aber wegen der Karamelbildung
des Zuckers und der Nebenreaktionen begrenzt. Es ist nicht zweck-
missig, die Temperatur lber 130-135 % zu steigern.

Zur Erhthung der Wirksamkeit der Entfernung des Methanols,
und dadurch zur Verschiebung des Gleichgewichtes haben OSIPOW und
Mitarb. [4] das Reaktionsgemisch durch einen Diinnschichtverdampfer
worin die Flissigkeit einen turbulenten Film bildete, umlaufen
lassen.

In der Umesterungsreaktion bilden sich der Mono-, und der
Diester der Saccharose und unter Umstdnden hBher veresterte Deri-
vate. Vom Gesichtspunkt der praktischen Verwendung aus ist der
Saccharosemonoester giinstiger als der Diester. Der Monoester 16st
sich namlich in Wasser unter Bildung einer kolloidalen Ldsung,wdh-
rend der Diester mit Wasser eine schleimige Dispersion gibt. Des-
wegen ist es zweckmdPig, die Umesterungsreaktion so zu fihren, daB
der Anteil des Monoesters in dem Produkt maximal sei. OSIPOW ([4]
erreichte diesen Ziel durch dem Reaktionsgemisch zugesetzte Was-
serspuren. Unter dem EinfluB des Wassers reagierten die Polyester
mit der freien Saccharose zum Moncester.

Die von OSIPOW [5] im Laboratorium ausgearbeitete Mikroemul-
sionsmethnde bedeutet eine neue Art fiir die Herstellung von Fett-
sdurezuckerester. Das Prinzip der Methode liegt darin, daB die in-
einander nicht 16slichen wund daher nur in Anwesenheit eines LG-
sungsmittels reagierenden Zucker und Methylester in einer sehr
feinen Dispersion (TropfengréBe 0,01-0,06 p) miteinander direkt
reagieren kénnen.

Der Gehalt an Moncester in dem Produkt wurde von ZAJIC und
BARES [6] dadurch erhtht, daf die Umesterungsreaktion in einem ge-



o

1373 Verfahren zur Herstellung ven Fettsfurezuckerester:

eigneten Zeitpunkt durch Blockierung des Katalysators, durch Zuga-
be einer sauren Verbindung eingefroren wurde.

Das Patent [7]1 verwendete fir die Umesterung - von den bis-
her geschilderten Methoden abweichend - ein Anionenaustauscher-
-Harz als Katalysator. Das Harz hat den Vorteil, daf es von dem
Produkt Teicht zu trennen ist.Uber die Regenerierung, bzw. wieder-
holte Verwendung des Harzes wurden aber bisher keine Einzelheiten
angegeben.

Die bei der Umesterung verwendeten Losungsmittel riechen un-
angenehm und sind tox%sch, deswegen soll das Produkt von diesen
mit besonderer Sorgfa]t‘ befreit werden. Die Losungsmittelspuren
k6nnen aber wegen der guten Adsorptionseigenschaften der Fettsdu-
reester nur mithsam entfernt werden. Ein weiteres Problem stellt
die Gewinnung des Produktes in relativ reinem Zustand dar.

Die verschiedenen Mitteilungen geben flir die Entfernung der
Tetzten Losungsmittelspuren ferner fiir die Reinigurg des Produktes
meistens komplizierte Extraktionsverfahren an [3, 4, 8, 9, 107.

Das Ziel unserer Arbeit war, die Umesterungsreaktion - zur
Yermeidung der ziemlich mihsamen Trennung der Mono- und Diester -
zweckmdBig so zu fiihren, daP die Konversion des Zuckers und der
Anteil des Monoesters in dem Produkt maximal wird.

zeschreibung der Versuche

Fettsdurezuckerester wurden aus Fettsduremethylestern durcn
Umesterung nach drei verschiedenen Methoden hergestelit. Die ver-

wendeten Methoden sind die folgenden:
a) Umesterurg nach cer Mikroerulsicensmethode,
b) Herstellung von Fettsduvezuckeresters distcrtinuierlich,

c) Herstellung von FetisSurezuinersstern im Diurnschichtreak-
icn.

3

tor halbaontincier
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Vor der ausfiihrlichen Beschreibung der Versuchsergebnisse
werden die zur Analyse des umgeesterten Produktes ausgearbeiteten
Verfahren zusammengefasst.

Das in der Umesterungsreaktion erhaltene Produkt wurde von
dem Losungsmittel durch Destillation befreit, die letzten LOsungs~
mittelspuren wurden danach durch zweistiindige Behandlung des Pro-
duktes in der Trockenpistele - bei 1-2 Torr und 100 OC - ent-
fernt. Das zur Analyse auf diese Weise vorbereitete Produkt ent~-
hielt unreagierten Methylester, Zucker, Seife, Katalysator, ferner
Saccharoseester.

Der Methylestergehalt des Produktes wurde nach alkalischer
Verseifung durch Messung des entstehenden Methanols bestimmt [111].
Die Methode ist auch zur Bestimmung sehr geringer Mengen von Metha-
nol geeignet, und die Messungen sind gut reproduzierbar.

Der Zucker- und Zuckerestergehalt des Produktes wurde nach
Extraktion mit n~-Butanol-Wasser Gemisch durch Messung der optischen
Drehung der Wasser- bzw. der Butanolphase bestimmt. Bei Kenntnis
der Drehung der Butanolphase, des Gewichtes des in der Phase auf-
gelgsten festen Stoffes, ferner der spezifischen Drehung des
Saccharosemonostearates bzw. des Distearates kann der Anteil des
Mono- und des Diesters in der Probe bestimmt werden. Der Seifenge-
halt der Probe (K-Stearat, bzw. K-Palmitat) wurde auf folgende
Weise bestimmt: zu ein aliquotes Volumen der Butanociphase wurde
das gleiche Volumen kohlendioxidfreien destillierten Wassers zuge-
fligt, und mit 0,1 N Salzsdure in Anwesenheit von Methylorange In-
dikator titriert.

Das durch Destillation von dem LOsungsmittel befreite Rohpro-
dukt enthielt - wegen seiner oberflichenaktiven Eigenschaft -
noch etwa 0,2 % Dimethylformamid. Wegen des toxischen Charakters
dieser Verbindung soll die Menge des in dem Produkt vorhandenen
Dimethylformamids bekannt sein. Der Gehalt an Dimethylformamid des
Produktes wurde Taut Mitteilung [12] bestimmt. Das Prinzip der
Methode ist, daB das Dimethylformamid beim Kochen mit Lauge ver-
seift wird, und sich das entstandene Dimethylamin photometrisch
quantitativ bestimmen JHRt.
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Die Werte der Konversion, der Ausbeute und der Selektivitit
wurden zur Auswertung der Ergebnisse der Umesterungsversuche aus
den Analysenergebnissen auf folgende Weise Bestimmt:

K = [{eingewogenes MSt-unreagiertes MS5t)-100]1/eingewogenes
MSt
A = [SME.1001/eingewogenes MSt
S = [SME-1001/[eingewogenes MSt-unreagiertes MStl
wobei

K die Konversion (%)
A die Ausbaute (%)
S die Selektivitdt (%)

MSt  Menge des Methylesters (Mol)

SME Menge des Saccharosemonoesters (Mol)

Umesterung nach der Mikroemulsionsmethode

Einerseits um das in Mitteilung [5] beschriebene Mikroemul-
sions-Laboratoriumsverfahren zu reproduzieren, andererseits zur
Ausarbeitung einer eventuellen neuen lDarstellungsmethode wurden
Versuche zur Synthese von Fettsdurezuckerester nach der Mikroemui-
sionsmethode in Propylenglykol als Losungsmittel durchgefiihrt. Zu
einem in Propylenglykol aufgeldsten Gemisch von Zucker, Methylste-
arat und Kaliumkarbonat wurde unter intensivem Rihren Natriumstea-
rat zugefiigt. Das Propylengiykol wurde in einem Volumen verwendet,
in dem das Gemisch leicht geriihrt werden konnte.

Mehrere parallele Versuche wurden mit Reaktionsdauern von 2,
4 ynd 6 Stunden bei 105 °C durchgefiihrt. Es wurde festgestellt,
daB, obwohl die Konversion mit der Zeit zunahm, die Menge des
Saccharoseesters auch nach einer 6-stiindigen Reaktionszeit nicht
mehr betrug als einige Prozente. Gleichzeitig nahm die Seifenbil-~
dung als unerwiinschte Nebenreaktion zu.

Weitere Nachteile dieser Methode sind die Folgenden: es ist
schwierig, die Emulsion zu erhalten, die Wahrscheinlichkeit der
Karamelbildung 1ist hwéh, ferner kann eine Umesterung mit dem als
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Losungsmittel verwendeten Propylenglykol eintreten. Auf Grund des-
sen ist die Mikroemulsionsmethode Taut unserer Erfahrungen zur Er-
zeugung einer grioBeren Menge einheitlichen Produktes nicht geeig-
net.

Diskontinuierliche Umesterung

Unsere Versuche wurden in einem mit RiickfluBkiihler, Tropf-
trichter und Thermometer versehenen Dreihalskolben durchgefihrt,
welcher von auBen mit einem Ulbad geheizt wurde. Wihrend der Umes-
terungsreaktion betrug der Druck im Reaktionsraum 100-150 Torr.
Die durch die Siedekapillare eingesaugte Luft riihrte das Reaktions-
gemisch befriedigend um.

Wurde die Umesterung in Dimethylsulfoxyd bei 90 °C, mit einem
3:1 Molverhditnis von raffiniertem Zucker und Methylester, mit ei-
ner Katalysatormenge von 0,049 g K,C0./g Methylester durchgefiihrt,
so betrug die Konversion des Methylesters etwa 80 %, und die Aus-
beute 30 %. Mit der Erhthung der Katalysatormenge nahm die Konver-
sion und die Ausbeute in geringem MaBe zu, die Seifenbildung ver-
stdarkte sich aber ebenfalls betrdchtlich. Unter dhnlichen Reak-
tionsbedingungen wurde die Umesterung +in Dimethylformamid als LG-
sungsmittel ebenfalls durchgefiihrt, wo bei einer Konversion von
80~90 % eine Ausbeute von 70-75 % erreicht werden konnte.

GemdB unseren Versuchen konnte das Dimethylsulfoxyd mit
einem VerTust von 20-30 %, und das Dimethylformamid mit einem von
2-5 % regeneriert werden. Im weiteren wurde daher Dimethyliformamid
als Lbsungemittel verwendet.

Zwei Forderungen miissen bei der Durchfiihrung der Umesterungs-
reaktion erfiillt werden: neben einer moglichst hohen Konversion
soll auch der Monoestergehalt so hoch wie moglich gehalten werden.
durch die richtige Auswahl der Versuchsparameter kann die Konver-
sion bis auf 98-100 % gesteigert werden, wobei es zwecks Erhohung
des Monocestergehaltes wiinschenwert ist, laut der Literatur 0,1 %
Wasser dem Reaktionsgemisch zuzufiigen.
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Laut unserer Vorversuchen nimmt aber sowohl die Geschwindig-
keit der Umesterungsreaktion, wie auch die Konversion ab, wenn
0,1 % Wasser zu Beginn der Reaktion zum Reaktionsgemisch zugefiigt
wird.

Als erstes Problem wurde daher untersucht, wie ein Produkt
von entsprechender Reinheit mit guter Konversion chne Zugabe von
Wasser erzeugt werden konnte. In jedem Fall wurde Kaliumkarbonat
als Katalysator verwendet. Die Versuchsangaben sind in der Tabel-
le 1. aufgefiihrt.

Die Versuche No. 1. und 2. zeigten, daB die Zusammensetzung
des Produktes mit der Erhthung der Temperatur glinstiger wird, da
auch die Geschwindigkeit der Reaktion zwischen dem Diester und
Zucker neben der Geschwindigkeit der Entstehung des Diesters bei
hoherer Temperatur hdher wird. Der Grund fiir die bei 959C erreich-
te hohere Konversion liegt darin, daR das Verhdltnis Katalysator/
/Methylester in dem Versuch No. 1. grifer war.

Diese beiden Versuche waren eigentlich auf die Kontrolle der
in der Literatur angegebenen Daten ausgerichtet wund zeigten, daf
bei diesen Versuchsbedingungen entweder die Konversion, oder die
Zusammensetzung des Produktes ungiinstig war.

Laut der Literatur kann der Gehalt an Monoester des Produktes
auch so gesteigert werden, daB die Aktivitdt des als Katalysator
verwendeten Kaliumkarbonats in einer gewissen Phase der Umester-
ungsreaktion (wo die Menge des HMonoesters erwartungsgema die
gropte ist) blockiert wird, wodurch die unerwiinschten Nebenreakti-
onen beseitigt werden kidnnen. Daher wurde der Katalysator in den
Versuchen No. 3. und 4. nach einer Reaktionsdauer von 6 Stunden
durch Zugabe von beinahe dquivaienten Mengen CHaCOOH bzw. HaPOs
blockiert. Diese Methode fiihrt mit der angewandien Reaktionsdauer
nicht zum erwinschten Ziel, da am Anfang aer Reaktion hauptsdch-
Tich Diester entsteht.

Eine andere Moglichkeit zu der ErhBhung des Mongesteranteiles
besteht darin, dafR die notwendige Menge des Metnylesters in Di-
methyiformamid aufgelést und in mehreren Portionen dem Gemisch zu-
gefiihrt wird. Auf diese Weise wurde der Methylester in den Yersu-
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in drei gleich grofen Mengen zu Beginn der

chen 0. 5., 6. und 7.
,5 und nach 3 Stunden dem Gemisch zugegeben.

Reaktion, nach 1

Da das Zucker:Methylester Molverhdaltnis in dem Reaktionsge-
nisch in jedem beliebigen Zeitpunkt grofer war als 2,9, war es zu
erwarten, dab sich hauptsdchlich Moncester bildet, und gleichzei-
tig die Menge des Katalysators und die Reaktionszeit vermindert
werden kirnen.

£s wurde aber festgestellt, dJaB weder die Konversion, noch
die Ausbaute die erwiinschte Erhohung aufwiesen, im Gegenteil, die
Ergebnisse waren weniger glinstig, weil der nach Ablauf von 1,5
Stunden zugefiigte Methylester nur 4,5, bzw. 5,5 Stunden lang, wdh-
rend der nach 3 Stunden zugefligte Ester nur 3, bzw. 4 Stunden lang
reagieren konnte. Diese Beobachtung unterstiitzte wiederheolt, daB
zur Vullendung der Umesterung eine ldngere Zeit noilwendig ist.

Auf Grund der Versuche No. 6. und 7. konnte festgestellt wer-
den, daB es am giinstigsten ist, wenn der Katalysator portionsweise
dem System zugefiigt wird. Sowohl die Konversion, als auch die Zu-
sammensetzung des Produktes ist ndhmlich im letzten Fall (No. 7.)
giinstiger. Der Grund dafiir besteht darin, daB auf diese Weise eine
beinahe konstante Katalysatorkonzentration in dem System gewdhr-
lTeistet werden kann.

Durch die vorher erwihnte Anderung der Versuchsparameter kann
die erwiinschte Verbesserung der Zusammensetzung des Produktes laut
Angaben der Tabelle 1.nicht erreicht werden. Zur Darstellung eines
Produktes mit hoherem Monoestergehalt schien es zweckmdBig, Was-
ser zum Reaktionsgemisch derart zuzufiihren, daB die Umesterungsre-
aktion nicht langsamer bzw. die Konversion des Methylesters nicht
niedriger wird.

Den ungiinstigen Einfluf des Wassers auf die Reaktion wollten
wir so vermeiden, daf das Wasser nicht im Laufe der Umesterungsre-
aktion zu dem Reaktiansgemisch zugefiigt wurde, sondern nach Ablauf
der Reaktion. Das wasserhaltige Gemisch wurde nachher 1 Stunde bei
einer Temperatur geriihrt, welche niedriger war, als die Reaktions-
temperatur. Die optimale Zeitdauer dieser Behandiung betrug 1 Stun-
de, weil sich das Monoester/Diester-Verhdltnis nach einer Stunde

nicht mehr dnderte.
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Das Ergebnis der mit Wasserzugabe durchgefiihrten Versuche jst
in der Tabelle 2. ersichtlich.

Die Reaktionstemperatur und die Reaktionsdauer stellen mit-
einander eng verbundene Parameter dar, deswegen wurde der EinfluB
dieser beiden untersucht. Die ErhGhung der Reaktionszeit bei 120°C
ergab eindeutig die Zunahme der Konversion und der Ausbeute (Ver-
suche No. 8., 9., 10. und 11). Die Zunahme des Verhiltnisses Mono-
ester:Diester mit der ErhShung der Reakiionsdauer weist ebenfalls
darauf hin, daB der Diester in der Anfangsperiode der Reaktion das
Hauptprodukt ist.

Aus dem Vergleich des Versuchs No. 11. mit den Versuchen No.
5., oder 3. und 4. (Tabelle 1.) ist es ersichtlich, daB durch ein
Ausriihren mit Wasser glinstigere Ergebnisse erreicht werden kinnen,
als durch Zugabe des Methylesters in drei Portionen, oder durch
Blockierung des Katalysators mit SHuren. (Der Katalysator wurde in
allen diesen vier Fillen auf einmal, am Anfang der Reaktion dem
Reaktiongemisch zugegeben.)

Die Ergebnisse der mit einem Molverhdltnis von 1,39 zwischen
dem Zucker und Methylester durchgefiihrten Versuche No. 12. und 13.
stimmen mit unseren friheren Feststellungen iiber den Effekt der
Reaktionsdauer iberein.

Unsere weiteren Versuche wurden zwecks Vermeidung der Kara-
melbildung bei niedrigerer Temperatur und mit einer lingeren Reak-
tionszeit durchgefiihrt. Wegen der lingeren Reaktionsdauer wurde
der Katalysator zweckmdBigerweise in 2 Portionen zum Gemisch gege-
ben: 2/3 der gesamten Menge wurde am Anfang der Reaktion, das ib-
rige 1/3 nach Ablauf von 4 Stunden zugefiigt.

Weitere Umesterungsversuche wurden bei 95 °C und bei 105 ¢,
mit der Reaktionsdauer von 11 Stunden, und nachfolgendem einstiin-
digem Ausriihren mit Wasser durchgefiihrt {(Versuche No. 14. und 15.).
In beiden Fdllen wurde ein Produkt mit hShem Monoestergehalt mit
guter Konversion erhalten. Die Seifenbildung wurde in diesen Ver-
suchen durch die herabgesetzte Katalysatormenge geringer, wihrend
die Erhdhung der Wassermenge das Verhdltnis Monoester/Diester ver-
besserte.
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Auf Grund der durchgefiihrten Versuche schienen die bei dem
Versuch No. 15. angewandten Parameter optimal zu sein. Das Monoes-
ter:Diester-Molverhdltnis betrug in diesem Fall 5,5:1.

Zwecks Senkung der Selbstkosten des Produktes wurde die Mog-
lichkeit einer Verminderung des Molverhdltnisses Zucker:Methyles-
ter unter Beibehaltung der optimalen Werte der iibrigen Parameter
untersucht (Versuche Wo. 15., 16. und 17.). Es konnte aber festge-
stellt werden, dafl die Verminderung des Molverhdltnisses bei der
angewandten Temperatur nicht zweckmdssig ist.

Neben Kaliumkarbonat wurde auch die katalytische Wirkung des
Natriumkarbonats untersucht. Das Natriumkarbonat kdnnte sich giins-~
tiger erweisen, als das Kaliumkarbonat, da es nicht toxisch ist,
und dadurch die praktische Verwendung des Produktes nicht stort.

Natriumkarbonat erwies sich sowohl bei einem Molverhdltnis
von 2,88 zwischen dem Zucker und Methylester, als auch bei dem Mcl-
verhdTtnis von 2,00 (Versuch No. 18. und 19.) als ein glinstigerer
Umesterungskatalysator und erhthte in erster Linie die Ausbeute
betrdchtlich.

So betrdgt z.B. das Verhdltnis Monoester:Diester bei den in
Anwesenheit von Kaliumkarbonat oder Natrjumkarbonat durchgefiihrten
Versuchen 5,5 bzw. 93,9 gemdB der Angaben der Versuche No. 15. bzw.
18. Der zweite Wert ist giinstiger, als die bisher beschriebenen.
Auf Grund dessen sind die optimalen Werte der Parameter hinsicht-
lich der Konversion und der Bildung des Monoesters die folgenden:

Reaktionstemperatur 105 9¢

Reaktionszeit 11 Stunden

Dauer der Behandiung mit Wasser 1 Stunde

Menge des zugefligten Wassers 1,2 % der Gesamtmenge des
Reaktionsgemisches

Katalysator NaoC0a

Zugabe des Katalysators 2/3 am Anfang der Reaktion

1/3 nach 4 Stunden
Losungsmittel Dimethylformamid

Verhdltnis Dimethylformamid/Zucker 3,3 ml/g
Molverhditnis Zucker/Methyiester 2,.88.
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Halbkontinuierliche Umesterung im Diinnschichtreaktor

Wie oben beschrieben, nimmt die Umesterung ziemlich viel Zeit
in Anspruch. Um die Reaktionszeit der Umesterung zu vermindern,
wurde auf Grund der in der diskontinuierlichen Einrichtung gewon-
nenen Versuchsergebnisse eine halbkontinuierliche bzw. Rezirkula-
tionseinrichtung im LaboratoriummaBstab entworfen, gebaut und be-
trieben.

Der Hauptteil der Einrichtung besteht aus einem Rotations-
diinnschichtreaktor aus rostfreien Stahl mit einem inneren Durch-
messer von 53,3 mm und einer aktiven Oberfldche von 0,057 mz, mit
geteiltem Heizmantel und mit Wischern versehenem Rotor (Typ. Sam-
bay). Die Rohrachse des Rotors wurde in Ldngsrichtung mehrfach
perforiert, um das Absaugen der in der Reaktion entstandenen Metha

nolddmpfen auch auf diese Weise zu sichern.

Die Einrichtung wurde durch das in dem Heizmantel stromende
Glyzerin geheizt, wihrend das Reaktionsgemisch in dem System durch
eine Pumpe umgewdlzt wurde. Der Druck in Diinnschichtreaktor betrug
100-150 Torr.

Der Vorteil des Diinnschichtreaktors besteht darin, daB das
in der Reaktion entstehende Methanol 1infolge der giinstigen Stoff-
tibergangsverhdlitnisse schon 1in dem Moment seiner Entstehung ent-
fernt werden kann, so daB die Gleichgewichtsreaktion in Richtung
der Bildung der Saccharoseester verschoben werden kann. Der andere
Grund, weshalb die Anwendung einer Diinnschichtreaktors zweckmdBig
ist, besteht darin, daB voraussichtlich keine Karamelbildung bei
der verhdltnismdBig hohen Temperatur infolge des kurzen Aufenthal-
tes der Reaktanten in dem Reaktor eintritt, weil der Temperaturko-
effizient der Reaktion der Karamelbildung kleiner ist, als die der
Umesterung.

Da die Umesterung ein langsamer Vorgang ist, wurde das Reak-
tionsgemisch wegen des kurzen Aufenthaltes 1im Reaktor zur Errei-
chung einer guten Konversion in der Abbildung 1. dargesteliten Ver-
suchseinrichtung rezirkuiiert. Auf dieserweise stand das Reaktions-
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gemisch einerseits mit der wdrmeren Wand des Filmreaktors in Kon-
takt, und hielt sich andererseits verhdltnismdfig tang in dem Zu-
fuhrbehalter D auf, welcher bei einer Temperatur von 95 ¢ gehal-~
ten wurde.Die durchschnittliche Verweilzeit des Reaktionsgemisches
wurde durch Anderung der Geschwindigkeit der Umwdlzung reguliert.
Diese Geschwindigkeit beteug 22 m1/Min und 100 m1/Min.

Die Erzeugungs~- und Betriebskosten der halbkontinuierlichen
versuchseinrichtung liegen hBher, als die der diskontinuierlichen
Einrichtung. Die Durchfihrung der Umesterung in einem Dinnschicht-
reaktor kann also nur in dem Fall als begriindet betrachtet werden,
wenn die Reaktionszeit der Umesterung bei unverdnderter Konversion
und Zusammensetzung des Produktes mindestens auf 20 % der in den
diskontinuierlichen Versuchen notwendigen Reaktionszeit herabge-
setzt werden kann.

Gemd3 der durchgefiihrten Yersuche war die optimale Zeitdau-
ar der diskontinuierlichen Umesterung 11 Stunden.

In den halbkontinuierlichen Yersuchen wurde das Molverhdlt-
nis Zucker:Methylester auf den hei den diskontinuierlicnen Versu-
chen als cptimal gefundene wert 2,3:1 eingestelit.

in urseren yversuchren scnnte festgestellt werden, dal ass
Yerndlinis Mongester:liester gurcn eine Behandlung des Reaktiorns-
gemisches race gar  legccigung zer Reskhtion  in die Richtung ger
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Die Durchfithrung der Umesterung in dem Diinnschichtreaktor bei
120 % {Versuche No. 20. und 21.) fiihrte zu der Feststellung, daB
die Konversion trotz dem hohen Rezirkulationsverhdltniss infolge
der kurzen durchschnittlichen Verweilzeit gering ist. Eine Behand-
lung mit Wasser (Versuche Ho. 21.) verbesserte aber die Zusammen-
setzung des Produktes wesentlich.

In der bei 130 °c durchgefifthrten Umesterung nimmt die Kon-
version mit der Erhdhung der Temperatur nicht zu,sondern ab. Diese
Erscheinung kann dadurch erkldrt werden, daB die Beriihrung der Re-
aktanten infolge des gréBeren Rezirkulationsverhiltnisses intensi-
ver ist, und sich neben der Reaktion des Zuckers mit dem Methyles-
ter auch die konkurrierende Reaktion des Zuckers mit dem Diester
abspielt. Die ErhGhung der Reaktion zwischen dem Zucker und Dies-
ter wird auch durch die Tatsache unterstiizt, daB bei 130 OC, auch
ohne Behandlung mit Wasser, ein diesterfreies Produkt erhalten
wurde (No. 22.).

In dem mit Wasser behandelten Reaktionsgemisch No. 23. war
die Konversion geringer als in dem parallelen mit Wasser nicht be-
nandelten Versuch No. 22. Der Grund dafir ist, daB die Reaktion
auch wdhrend der einstindigen bei 95 %¢ durchgefiihrten Behandlung
weiterlduft, die Zugabe von Wasser vermindert aber die Geschwin-
digkeit der Umesterung.

In der halbkontinuierlichen Einrichtung wurde alse nur bei
einer Reaktionszeit von 6 Stunden, bei einem Rezirkulationsverhdlt-
nis von 15-20 eine geniigend hohe Konversion erreicht, wobei die
optimale Temperatur des Diinnschichtreaktors 120-125 9¢ betrug. Zur
Erzeugung eines Produktes mit ginstiger Zusammensetzung war aber
auch bei den optimalen Werten der Parameter ein Ausriihren mit Was-
ser aotwendigqg.

Wegen des hohen heostenbedarts der halbkontinuierlichen Ein-
ricntung, der Verkirzung dger Reaktiarszeit um nicht mehr als 40-59
v und wegen der Notwendicieit des Ausrihrens mit Wasser, welche
dre ganze Technologie in 2ire diskontinuierliche Technologie um-
windelt, ist es deshalb zwecamdligsr, die Umesterungsreaktion dis-

T

sontanuterticn Zu verwirklicnen,
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Die Verarbeitung des nach dem Ausriihren mit Wasser erhaltenen

Reaktionsgemisches

Nach dem Ausriithren mit Wasser wurden die Losungsmittel in
einem Vakuum von 2-5 Torr abdestilliert. Nach dieser Methode des-
tillierte das im Laufe des Ausriihrens zugefiligte MWasser schon 1in
der Anfangsperiode der Destillation aus.

Da die Destillation bei einer Temperatur von 84-85°C erfolgt,
und die Gesamtmenge der L&sungsmittel dinnerhalb von 2,5-3 Stunden
aus dem Gemisch entfernt wird, kann die Konzentratzion des Mono-
und Diesters nach den Gleichgewichtswerten verschoben werden, was
eine Zunahme des Gehaltes des Produktes an Diester mit sich bringt.
Um das zu vermeiden, wird 0,1-2% Wasser,auf das Anfangsgewicht des
destillierten Gemisches berechnet, 30 Minuten nach dem Beginn der
Destillation hinzugegeben {ungefdhr von dieser Zeit an destilliert
das bei dem Ausriihren zugegebene Wasser aus). Das im Laufe der
Destillation zugegebene Wasser &#ndert die Konversion gemdB den
Versuchsangaben kaum, die Umesterung kann alsoc am Ende des einstiin-
digen Ausriihrens mit Wasser als beendet betrachtet werden, die Zu-
sammensetzung des Produktes #ndert sich aber abhdngig von der Men-
ge des Wassers wesentlich.

Das glinstigste war dasjenige Verfahren, wo Wasser in einer
Menge von 0,2-1 % des destillierten Gemisches nach Abjauf einer
halben Stunde dem Reaktionsgemisch zugefligt wurde.

Die Verfasser danken dem Ministerium fiir Schwerindustrie
fir seine finanzielle Unterstiitzung.
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PE3WME

ABTOpH H3y4amwT METO4 MOoAyYSeHHE O4HON M3 Fpynn  NOBEPXHOCTHO-
“BHTHBHBX BEWECTB - CcaxapHuX 30MpOB WMUpDHHX HUCAOT: nanbMuTata  ca-
X4po3s W CTEapaTta caxaposw, npddem oceboe BHWUMaEHWE VABNAETCH NOBL-
WEeHMID COREpMaddi CNCMHOrO MOHO3$MPa B HOHEYHOM NpoaykTe. Ha oOcHO-
BaHMK 3JHCMNEPUMEHTAAbHEX HAHHLIX ABTCPH YHA3HBEKWT ONTUMaNbHEE napa-
METDH MOAYYEHHA CaXapHLX 30Up0B MUPHEX HUCAQT, MPH HOTOPHX B Yyono-
BMAX NEpWOLHYECHH LelcTRywwen nadopartopHod YCTaHOBHH, OHU FOGHAWCH
HLCOHOr0 CORBPHAHHA CROMHORO MOHO3(Mpa. IJHCHBPHMEHTH NDOBOAHMAWCE B
POTAUMOHHOM NABHEYHOM PEaHTOpPe NoAyHenpepwBHOre geficTeua,
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Material systems and the changes ocuoarring in
them were described with algebraic methods in the pre-
vious paper [1]. However, there is a basic connection
betweer the two subjects: the changes cccur on the ma-
terial systems, and produce new ones from them. This
may bte termed transformation snd is deseribed in the
foliowing manner:

v i (20) (1

a
v

nis expressiocn means that the material system ag is,
as a consequence ¢l the change Vi, transformed tc ma-
serial system a;. In the fellewing the changes will be
discussed and +the reiations Ltetween the mentloned
changes and cther material systems will be examined.

In technical chemical processes, the changes occur in opera-
tional units [2]. The material system of the operational unit is a
composition of the starting material system with that of being
produced. In the following this will be termed =2 gquasi union i

the two material syvstems and is designated by:



The material system of the operational unit and the change occur=-
ring in it is also a description of the technical chemical process.

This is termed a change-material composition and is designated by:

vy o 4

The content of Eqguations {1) and (3) being identical:

Expression (4) is called a Z technical chemical transformation, or

- briefly - a %z transformation, and its designation is:

t
-
<
Wy
Lo
1

<&
a

An explanation of the concepts S0 far presented and a few new

concepts are given in the following.

Starting and Resultant Material Systen

¢ ol material systems. Four relations are

incerpreted in connection with =his set according to the following:

Elements a, and a_. are in relation 9, if - and only if -
they are material streams continucusliy enterning intc an operation-

al unit. Relation ¢, defines a partial set A, of the set A:
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However, instead of designation AO = {30,1; B, pd cee ac’n} the
fcllowing can be introduced:

= o I} Sy

AO a,:!’1 ao,2 [ a(‘,n 1T

Elements a; and aj are in relation ¢, if - and only if -
they are material streams continuously discharging from an opera-
tional unit. 1In a manner totally similar to the previous case we
can write:

-3
H
[ol
Q
W
[¢]
[o]
o
p

Elements a; and aj are in relation ¢, if - and only if -
they represent the material system of a given operational unit at

the beginning of the process:

—
)
-

T tee cas © af
Cyn

Elements ai and a. are in relation 34 if - and only if -

they represent the material system of a given operational wunit at

the end of the process:

o & {12}

AT = a c a cen aas
= 2 ¥,0

v Tad

<«

In the following, AO and Az will be termed starting material sys-

tems, Av and A§ resultant material systems.

Change

The definition of Z2DEK [3] can be applied to material sys-
tems. According to this, the system is the totality of objects
which are connected by interacticns and mutval connections. The
following items of inferpation will re considered as the objects
of the material system: crystal structure, chemical structure,
biclogical structure, state, dimensicns, distribution, form, tem-

perature, pressure, homogeneous connecticn and heterogenous con-
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nection. The material system is the structure of these, the struc-
ture being defined by the mutual connections. It is the objects
that alter during a change. The set of objects which form the ma-
terial system ai will be denoted by n(ai).In accordance with this,
the connection between the change and the material systems will be

described by the following eguation:
_ : x SX R
v = [nla Jun{al)NIn(a Jun{al)] (11)

{The symbols that are usual in the theory of sets are used: AN B
is the common part of sets A and B; A U B is the combination of
sets A and B; A\B is the difference of sets A and B.)

The change:

v = n(Ao)\n(Av) (12)

will in the following be termed stationary, whereas the change:

v = n(a2) \ n(al) (13)

will be termed intermitted and the change:

vS = [a(a)) U n(A2)T N\ In(ay) U n(a])1 (1k)

unstationary.

The changes pertaining to the object difference of the mate-
rial system were given in the previous paper [1]. The change is
termed elementary if the sum of the difference set is one. In this
case, the resultant material system produced by the change differs
from the starting matgrial system in cone object only.

Transformation

On the basis of the aforesaid, the transformation according
to Egquation {1) can in general be given in the following form: the
expression
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A, + A}
vaoi (p , 4%) . (15)
v [}

is termed transformation if the condition:

vi o= [n(ay) U n(aZ)N\In(A) U n(a¥)]

is fulfilled.

A transformation transforming a set A to A is termed sta-
tionary (v); that transformatlng A to A is termed intermittent
(v*); that transforming (A  + aX 5) to (A + A ) is termed unstatio-
nary (v ) The transformatlon can be regarded as the internal

transformation of set A, since:

, AT 24 (16)

X
v
If the objects of the starting and resultant material systems are
identical, the transformation is, in the algebraic sense of the

word, a permutation. For example, the transformation:

Ky =>Ky » Ky
vg A 8y : (K _>K f’Kg)

is a permutation.

The transformation is termed a multiple one, if more than
one of the objects of the starting system are changed. A multiple
transformation may be homogeneous, when the same change occurs

more than once, for example:

(v9 A §5)2

As can be seen, the homogeneous transformation is designated
by vm. Here the exponent shows how many times the change occurs.
If the starting material system is such that one given change may

occur m, times, but m < m the transformation is selective with

t £’
respect to the material system. For example:
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vp A 62 H \K1==>K s K

It is apparent from the above that the starting and resultant ma-
terial systems define the change in an unegquivocal way, whereas

the reverse is not true.

The multiple transformation may be heterogenous, when more

than one change occurs. For example:

ive A S1) A {vg A 8p) : iV;==>K£ s x . 7}
> z a Bo 35 -

(Tl and T, represent temperatures. )

The transformation is of identical order if the number of the
materials of the starting and the resultant material system is the
same; if the number of the starting materials is higher, the trans-
formation is of the combining, if lower, it is of the decomposing
type:

o a (ao’l Lo} 30,2

a
Tal

iy v

0,
c &
v

2
Yy v o
2

If it is continuous and not discrete objects that are altered
during the change,the degree of change can be given by designating

it by s and writing it in the exponent. Two such continuous trans-
formations can be:

and then we set the following postulations:

o < s, <1 : o <5, <1

if s, =0, 8 =28

if s, > s,, the deviation of a_ ; from = _ is greater than that of
a vy o

av’e; i.e. if the changing object is x, we may write

Ix . -z {>ix - x

v, L ST Ty, 2 ol
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af\
. s N .
The transformation v : (af) is termed the inverse transfor-

a,
mation of v °: (a;). In the case of discrete changes, s is an in-—
tegral number.
Ay 4
The transformation vy ¢ (AV’I) and v, ok are termed
s
similar if:
v, = v (&)

1 2

The two transformations mentioned in the above are egual if:

Quasi Unicn

The qguasi union of two material systems is not defined un-

equivocally; it depends on the properties of the material systems.

The steps of the definition of guasi union are the following:

The Concept of Mean Material Systems

A mean temperature and pressure are supposed for the ma-
terial systems present in the operational unit; only one
state pertains to a given chemical structure and the in-
formation as to distribution is disregarded. Accordingly a
material system a is obtained, whose information content
is the following: c¢rystal structure, chemical structure,
biological structure, dimensions, form, homogensous and

heterogeneous connection.

The Combination {Union) of Material Systems

The following two rules are valid:
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1=>2

n

o=>8 (21)

.

alu a2 =

> &

oI I ]
[y

2

—?‘a_'

©
N

knowing the material systems it is possible to decide

which equality is the appropriate one.

" Accordingly, the gquasi union of the operational unit can be
defined, taking the aforesaid into consideration, in the following

manner:
a = x X 22)
& =AU AT UA, LAY (22)

The particular components of the material system & present in the
operational unit are the auxiliary materials. A filling auxiliary
material (&%) is termed that is added to the system at the begin-
ning of the process and can be removed in an unchanged state at

the end of the process:

Suo_ aX L X o
a Ay n A (23)
A material system intrcduced continuously into the operational
unit and leaving it in an unchanged state is termed recirculating

auxiliary material (& }:

a =48 na, (2k)

fod

The material systef changing during the process can be described
by:

- N X L X X X /
Ay VAN A U AT\ AT U AT\ AT (25)

On the basis of Eguations (22) to (25) we can write:

4 =a'U&"u 3 ‘263
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Permutations

According to the algebraic interpretation, the following
transformations can be regarded as permutations:

(V5A51)A(V5A51)_1 heat exchange
(V7A51)A(V7A51)_1 €.g. rectification
vgAdy . e.g. hypersorption

None of the other transformations is a permutation.

Connection Between the Starting Material Systems and the Change

Certain starting material systems postulate the occurrence

.0f a given change.
Such are the following:

Ao postulates Vi If there are two entering material streams

(Ao,l <] AO,E)

A(Kl ++‘K2). The reverse of the above is that two leaving material

they postulate ésAﬁz in order to reach the state

streams postulate vgAS§3.

If the temperature of the entering material streams is dif-
ferent, the vgs temperature change will occur, whereas in the case
of a difference in pressure the result will be the vy change in

pressure.

A homogeneous system may be formed, i.e. the change vgAs,
may occur if the entering material system or that present in the
operational unit is heterogeneous. If both material systems are
gases, the change vgA3, always occurs; if they are liquids, the
change occurs in most of the cases; if they are solids, the change
does not occur. -
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Connection Between the Material Svystem and the Change

The starting and the resultant material systems and the
change are in such a connection as to determine the third one, if
the other two are given. However, this system cannot in all cases
be totally free, there are some restrictions. These are summarized

in the following.

A considerable part of the change may act on any type of ma-
terial system, there being no restrictions. Such changes are:
transportation (v,A8;), change in scattering (v,A¢&;), increasing
or decreasing the dimensions {v3A8;), any type of change in tempe-

rature or pressure [vsA{8;VE;V &3), vgA{81VE,Ves)].

The combination of material streams is possible only in the
case of two input material streams, the separation only in the
case of two output material streams. The same holds for transfor-—
mations vgA&y; and vgA§3; however, there are further restrictions.
The heterogeneous system resulting from the change vgAd§, may be
5a > 3b’ éa > Bt ox Sb -> Sa, depending on material properties and
the quantitative relations. In the case of solid-liquid systems,
the heterogeneous system may be changed on addition or on removal

of one of the materials; this holds both for vgAdy and vgAdjz.

A change in the form is possible only in the case of a solid
system, production of form in the case of a "fictive solid materi-
al", the demolition of form in the case of a "fictive liquid or

gas”.

It is self-evident that the change which transforms hetero-
geneous ones: v3Al; postulates a heterogeneous input system which
- except for the case of a solid-solid heterogeneous system - may
be changed tc a homogeneocus cne. The case is just the opposite
with the change of the w©3A%, type, with the difference that this
change can separate neither a sclid-solid nor a gas—-gas homogeneous
system.

The change vzt trarnspeoses a heéercgeneous connection, and

accordingly the starting maszerial consists oFf at least kwo mate-
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rial streams, at least one of them being a heterogeneous system.
The same holds true of the resultant material system. Consequently
a minimum of three components must be present, from which two or
less may be solid, because such a type of change is not possible
between exclusively solid materials. Furthermore, not more than
one of the components may be a gas, since a heterogeneous gas-~-gas
system cannot exist. The change vgASs, transposes a homogeneous
connection in the following general system:

AO{[Kl(sa)=>K2(sb)] - KS(BC)} + vgAsy =

= R 7 ’ \
A K (B) » TR, (8,) =K, (8 )]} (27)
where a, b and ¢ may be 1, 2 and 3.

The following abbreviations were applied in the description
of the combinations, for example:

A{[Kl(sz)=>K2(81}] > x3(83)} = {2,1,3} (28)

Accordingly, the possible triple combinations are the following:

{(1,1,1) (2,2,2) {3,3,3) {28.a)
(1,1,2) (1,1,3) (2,2,1} {2,2,3} 2,3,1) .2¥{28.p)
{z,2,3} {(25.¢)

The laws decreasing the number of the possible combinations
are the following:

a) No change in state occurs, and consequently the starting and

the resultant materials are of the same combination;
b) A gas~gas heterogeneous system cannot exist;

c) A solid-solid homogeneous system cannot be deccmposed by a so-
1lid;

d) In the case of the homogeneous connectior of materials od the

> v ER

same state, the direction == is cptional,

Ui

-
rt
i)
o u
o
o
1

whereas in the case of materials of Gifferent state

rection is determined by the form of appearance;
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e) A solid material may enter from a solid homogeneous system only

. T
into another homogeneous system;

f) A solid material present in a gas may not be exchanged for

another solid;

g) A solid-solid system may be formed only from & homogeneous sys-—

tem;
h) Only one change may take place;
i) A change must take place;

j) A solid present in a gas may not be exchanged by a liquid,
neither can a liguid be exchanged by a gas.

The combination remains unaltered by the change, only the
system goes over from one permutation into another; ' taking the
prohibitive laws into consideration, the remaining changes are the

following: .

From the line (28.a) there remains only the combination (2,2,2):
[Bx=>831 + By = [By=>B;1 » 8}

The permutations of the second combination of line {28.b) are the
following:¥

{(1,1,2) (1,2,1) (2,1,1)
{1,1,2) d e
(1,2,1) e +
{2,1,1) + a

The permutations of the second combination of line (28.b) are the
following:

$1,1,3) 11,32,1) (3,1,1)
(l’]—g?«" d e +
\*9:a-\-" £ + a
Ial,l + M 2 £

are designated ty + 1
indicated bty the ccode 1
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The permutations of the third combination of line (28.b} are the

following:

(2,2,1) (2,1,2) (1,2,2)
(2,2,1) d + +
(2,1,2) + a
(1,2,2) + 4 +

The permutations of
following:

the fourth combination of line (28.b) are the

(2,2,3) (2,3,2) (3,2,2)
(2,2,3)
{2,3,2)
(332!2) +

The permutationé of

the fifth combination of (28.b} are:

(3,3,1) (3,1,3) (1,3,3)
(3,3,1) a
(3,1,3)
(1,3,3) b +

The permutations of

the sixth combination of (28.b) are:

(3,3,2) (3,2,3) {2,3,3)
(3,3,2) i b
(3,2,3)
{2,3,3) b

The permutations of the combinations of line (28.c) are:

(1,2,3) {1,3,2) {2,1,3) {2,3,1) (3,1,2) {3,2,1)
{1,2,3) i + a h h +
{1,3,2) + i = + d h
{2,1,3) d h i + + h
(2,3,1) h + + i h d
(2,1,2) h 4 + ¥ i d

(3,2,1) +

[
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Starting material

Change

A
o]

A 0,1 o A
NAY,
Al8, Yoals,}

ALB <8, }oA(8, }

A{Ba+ Sb}oA{Bb}
A{Ba+*3b}
A{Ba+*8b}
A{Bp> 81}
A{K[BI,(as)l]}
ALK L8y ,a5,01}
A{K*[Ba,o,asl}
alg }
a{g_}

a

y0,2

B

v1A61Vv2A61VV3A(62V63)V(vGVvs)A(61V52V63)
viAd;:
viA83
vghdz
vgAdy
vgAdis
vgAdg
vghds
vgAdg
vyhAby
vy,
vyASg
vzAS
v;1As
(v7A8,
(v7A8,

S
X

vgAd

<
>

5 2

LR AV I 9
L VU

NN N
SIS I B o AR

23]
brots

tas

Cxi
[
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Product Remark

2 A zny material

v
z A, any material
3 _— < Av,2 any material
i :\{Bagﬁb} a = 1,2,3 b =1,2,3
5 A{sb+6a} a = 1,2 o= 1,z
€ alg <8, v =1,z

[
)
H
)
»
NN

A{Ba}-A{Bb}

=
o
1]
[
“
LA}
o
It
bo
“
n
“
w

3 A{Ba»sb}-A{sb+5a} a = 1,2 o= 1,2
2 A{Bje+BolcA{B,}
1z A{K[B;,(ag),1}
11 AfK[Sl,au,as]}
ie A{K[Ba,o,al} e =
13 ) o = 1,2
1 2 = 2,3
-7 & = L,2,5 T = 1,2,2 a =% % 1
s 0= L,2,% v o= 1L,Z,x & =% % 3
s %,T,2=1,%,3 ‘ore only twice, 3 cnly onos
I Yia o= 2, v o= I,z,%
. £, T ® 1,2,%5 a ¥ 1
2t w=l,ry TEI LI os # Ty om o= 23 0L o=
iz = i.zy Taro= L M3 8 o L ¥ oo
. R O = ® L2 L
EPl
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The chamical change v,;; postulates a homogeneous material
system, v;;A82 acts in the case of at least two input, and viiASs
at least two output components. vi1Ady acts in the case of two in-

put and two output components.
Micro-biological changes (v,,) postulate a solid material.

The connections between the changes and the material systems

are summarized in the Table.

Total Changes

Let the sum of elementary changes, consisting of such a mi-
nimum number of terms as not to permit the occurrence of a fic-
tive material system among the products, be termed a total change.
The following principles may be defined for the production of to-
tal changes on the basis of the elementary changes:

&a) The starting material and the product of the elementary chemi-
cal changes may be homogeneous only, and the chemical change is
to be complemented to a total change in accordance with this.

b) If the product of the chemical reaction is a solid, BI and it
is complemented by supplying a crystal structure.

c} If a solid, is produced in the change, S;++, i.e. it is comple-
mented by supplying a crystal structure, shape and dimensions;

the reverse is true in the case of a disappearance.

d} If the product of the change is a liquid, B;, it is complemen-
ted by supplying dimensions.

e} In the line O -+ =donly one step is possible in the course of
the elementary change.

For the sake of brevity, only those signs were given which
are of some importance in the examination.

The chamical changes are always written as guasi-homogeneous
ones and they are complemented with elementary changes, depending
on the phases, so as to obtain total charaes.
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For example:

NazCO3 + H0 + COz = 2 NaHCOa

The description of a chemical reaction as a quasi-homogeneous

change:

AJ“"[uzu,Bg]g‘K[Nazcgssﬁl]':?K[Coz,ﬁsj} + viiAds =
= A{K[{H,0, 82]==>K[NdHCu3,BI]}
The supplementary elementary changes are the following:

A{KTE20,R2 1 0A K a14,085C03,87,04,051} + voAS; =

= A{K[i‘fz@,ﬁz} g K[alg,fzaz‘:fg,,ﬁl,\lq,as]}

A{K[E{EC,SZJ -> K[O.ly_k,Nazcag,Bl sy ,2511 + vgAdy =

e e +++ -
B{XIH, 0,8, 1=K Taju,las; 005,81 ,04 053}

. L 3 R
A{K[H50,B8,1=>K L1y ,782C03,31,04,a51) + viiAdy =

; ++
= A{K[l‘{g@,ﬁz]#}( [05’382‘303,61,0‘1“&5]}

a{zls,0,2,1—>x" [c,tsazc%,s\,aq,as]} + VA8 =

= A{X[Hz0,6-1=> "I .,NapC03,87,ay,01}

A{K[Hp0,8,1—PK'[Q,N2,003,61,2..71F + viAdy =

Alh[rzu, }—-—}'K[-,u >'{,31,'3,C]}

P

KMy 0, 1=K 0, e, 00,,8,0,00F ¢ A{HLOL, 4821} + wyaf. =

P4

it
ks
x
—
=
I
“
e
w
—

K[0,¥5,005,87.7,01 » K[CUp,741}



A{E[H,0,2;

I==>x[",%

A{K[E

++
1> K Layy,8=8

PRI
Ca

K[E;0,8;1 + K laqs

S+
T o B {ay,,%alC0,, 3,

T8 » Kl ,d

,,)%l’-'),{j:[} + v AL

2 NaHCO3,2, ,0,551]

&

[W]
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expresses that according to the "picture" there is no solid {63}
Gissolved (==} in the 1liguid

;. If the transformation occurs
cnly partially, crystallization can be expressed by the following

sympol :

If the crystallization is continued on the produced material sys-

tem 8, =>8; - ¢;, a material system B8;=—>3; » &; is obtained again,

Jdespite the fact that the two systems differ from each other. This
difference is a quantitative one; however, up to now, guantitative
discriminations were not made. Neither will the definition of the
concrete quantity of the materials be needed in thz following al-
gebraic description; it is only rnecessary that a system of defini-
tions be applied which enables the materials of different quanti-
ties to be discriminated. This was already carried cut in trans-
formations where the change is continuous by the introduction of

the degree of change. Such transformations are the following:

re is no need for a separate discrimination of quantity

e
ii: the case of these transformetions. Similarly, it is not neces-
i

o
=S

roduce such a designaticn in the transformations which

o not cccur individually.

with ivw more detail.,

NEetercgenseous connec-

o the unified material
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system in such a way that the quantity of one of the phases is
changed. The quantitative parameter is designated by p and g and
the only reservations are that O < Pr ¢ < 1 and that Bil; Bzz if
P} > p2 and Bﬁl means in this case a larger quantity of material
than Biz.

Accordingly:

cerresponds to a perfect
decomposition
vsAéi:(B +BPZOqu)p1<p2 i=2 and py=l corresponds to a perfect
. combination

Ba+B€IOBq1 P1>P2 i=3 and p,=0

The following equationa are valid:

P1 t g3 1

P2 + g =1

P1 *+ py 1

In cases where the above Equations hold, g; and 92 will not be
written in the following.

In the case of the formation and dissolution of the homoge-

neous connection, in a way similar to the above, we may write:

(Ba~*8§1+ﬁb P1>P2 i=3 p3=0 perfect decomposition
vgAs.:

g =>pP2,g . _ .
&8 b b py<py i=2 py=1 perfect combination

In the case of chemical combination and decomposition:

([Bé_*sb]pl'*sc P1>pz 1i=2 py=1 total combination
ViiA§,
i
[Bé—*ﬁb3pz-¢ﬁ P1<p2z i=3 p;=0 total decomposition

In changes of state, materials of both the states are present in
the starting and resultant material systems:
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b .
Bll==>82 P1>p2 1i=1 p2=0 total change

(V7A51)l: ( P
B12=>8, P1<pz i=-1 py=1 total change

In the translocation of a heterogeneous connection:

B, > Bp' © B_ > 8

vgASy: ( 2 ¢ b) if po= {? totsl change

™
¥
™

b2
B, » By °

In the translocation of a homogeneous connection:

L}
[
[}
o

B =B 1 =282l Dy az
) total change

vonsy: P2 a2
3a=¢3b +Bb=¢sc gc p2 =0 qp =1

In chamical exchange:

[8,—>8,17"Pl—slp -8 17! .
viiAdy: ( 1-p o Py = {l total change
[s,=>8, 1" 72—l =, 1°2

Finally, in changes of the type vjA(6§,Vé3) the quantitative para-
meter relates to the ratio of the split material stream, i.e.:

afl o a%-Pl p2 = 1 i=2
\’1/\51: ( hy 1“P2)
ay® o aj py; = 1 i =3
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PE3KIME

B npegwgyued coobweexnunn aToé Temo (1) anreSpauyeckumu MeToga-
MW OfWCHBaNHCE MaTEpHafbHEE CHCTEME M MNPOMCXO4AWWE B HWX HW3MBHE-
Hua. OcHoBHar 3aBuCcHMOCTb 06pa3yeTcHd MEHAY MPOMCXO4SWWMW B MAaTepH-—
anLHOW CHCTEME HIMEHEBHWAMHW W MNONYYaHWWMWHCH BCNEACTBHE MUX HOBHMH
cucTeMamu. 3TO HaswsakT npendpasceanveM W obosHadawT chaeayoumum o6-
pasom:

o 1.

BrweyHasaHHoe BopameHwe 03HadaeT, 4TO NOg LEHCTBHEM HSMEeHESHHA
v1 MartepuanssHas cucTtema ag npecbpasyeTca B CUCTeMy a_. [lanee asTo-
pul paccMaTtTpeBasT Pa3aNMYHEHE M3IMEHEHWA W WCCNE4yBT 3aBUMCHMOCTH, KO-
TOpHE WMEIT MEeCTO MeMAY YHA3AHHBMM M3MEHEHHMAMW W OCTajdbHeIMM MaTe-
pHaJibHEIMKH CHUCTEeMaMH.,.
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The occurrence of thermal instability of large
. chemical reactors is a well known fact. Experience has
shown that during the start and shut down periods, the
instability can be considerable and even dangerous. On
more than one occasion it was observed that a relati-
vely small change of the feed rate (B), the concentra-
tion (c_) or the temperature of the feed (T ) caused a
rapid drop of the temperature and conversion of a wor-
king reactor, characterized by high temperature and
high degree of conversion. There are apparent contra-
dictions in the observations of reactors running at
low temperature and with & small degree of conversion,
that an insignificant alteration of the previously
mentioned parameters resulted in a sudden increase of
temperature and conversion. In practice, this latter
phenomenon was called "ignition", independently from
the fact whether burning or an increase of the cata-
lyst temperature only took place. A different type of
instability could be observed and also reproduced at
certain critical parameter <values, when the working
condition of a reactor changed suddenly between the
mentioned limits, and regarding the thermal phenomena,
an oscillation came into existence.

Summing up the experiences, 1t can be stated
that there are narrow unstable domains in the working
conditions of a reactor which cannot be described
merely by the heat balance of the system.

WAGNER [1] first elucidated the causes of this phenomenon
Second World War

in

article was not widely available, and van HEERDEN [2] again
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elaborated the conditions of the stability in 1953. BILOUS and
AMUNDSON’s article [3] published in 1955, examined this thermal
stability, and for this the linearisation of their mathematical
model was used. As a result, numerous researchers have dealt with
the problem. VOLTER and SALNIKOV summarized the publlshed state-
ments in their book [4].

" In the present work it will be shown that in the thermal
sense both the extreme types of reactors, i.e. the adiabatic and
isotherm reactors can be discussed, utilizing the same theory. The
following discussion is based on the well mixed reactors.

Starting with the well known equation (e.g. [51),which de-
scribes the rate of heat generation:

Qg = vy r AH U (1)

It is known that the expression of the reaction rate (v r)

can be divided into the product of two functions, one of these

depends on temperature, the other one is only the function of the
concentration:

vy ) = x(T) 2(e)

In the following, the thermal stability will be examined
only, so the substitution of f{ey = ¢ is introduced, i.e. the de-
rived equations refer +o the reactions of first order, but the
thermal considerations are also valid for reactions of any kind of
order.

The ARRHENIUS’ equation is commonly accepted and valid for
the description of the k{T} function:
S
() =ae F7T {2)
In the case of tank reactors it is known [61 that the actual
concentration ¢ or the degree of conversion x ; is the function
of the initial concentration {u } and the mean residence time (€}

oy

substituting Bg. {2} into this relatlcn'
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1 1
c=c (1 ~-%)=c¢ = ¢ (3)
° 1+ xE © -%—T-
1 + Ae %

i.e. the generated heat given by Eq. (1) is as follows:

E
- %
AQ, = v,AH ¥_ ¢ 2.2 —_
R i R "o E B
> 1 + Le BT ¥

Using - simple transformations, the £ollowing egquation of

suitable form can be written:

- E_
- BT
AQR=viAHVRc%Ate —5 {5)
1 +A%T e T
If in Eguation (5) all the quantities - with the exception
of the temperature - are constants, then the heat generated in an

adiabatic reactor will be proporticnal with the following function:

For isotherm reactors, this seems tc be less of a problem
because the substitution T = constant theoretically hclds. However,
this is valid only in principle, chemical engineers are aware that
isotherm reactors work in a similar manner to heat exchangers, and
there exists a certain inmer temperature (T) which differs from
the temperature of the wall {T4); this forms the boundaries of
their working conditions and determines their dimensicns. There-
fore, in the practice either the amounts of heat generated at the
mentioned temperatures or the quotient cf these heat guantities
have to be taken into account. Regarding Equation {4} at tempera-

tures {T) and {T;}, and taking their guctient:
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£
Ad 1+ -—1_ eRT1
Aé* = “R = At (1)
R AQ E
RT 1+ 1 eRT
A%

If in this case A, E, E and R are constants, then a relation

can be obtained which is similar to Equation (6):

v = 1T + e (&)

Plotting AQR or AQ§ vs. T, the result is a sigmoid heat ge-
neration curve, known from literature. As an example, HODOSSY’s
work [7] can be mentioned. Here the author examined the hydrogena~-
tion of furfural +o furfuryl alcochol and plotted the measured

values. The results were the mentioned sigmoid curves.

In addition, for setting up a relation with Equation (6)
valid for adiabatic reactors, the numerator and denominator of
Equation (8) is multiplied by f[exp(- 1/T)]1 and transforming the
result we obtain:

-1 1 _ 1
e T eT1 T
T* = 7 + —T (9)
1T + e T T+ e T

It is now evident that although the conditions are equal,
why the degree of conversion in isotherm reactors is higher compa-
red to the same one of adiabatic reactors. The first term of Equa-
tion (9} is identical with Equation (6} valid for adiabatic reac—
tors, and to this a second term is added. If the latter is marked
with ¥4, thusg:

Y¥ = ¥ + ¥,

{3103
LEL S

The above relation is shown in Fig. 1, Introducing the de-
signation
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'
1
Y
0.5(1+eTI)
L = 1
izotherm
14
i
0l e o A 2
0.5 —————Ff—————————— = =
3
adiabatic

i 2 3 4 T

-1/T

Fig., 1. 1 - Y% =Y + Yq = (1 + ¢/T1) ——3——~T75
1 + e
-1/t -1/T
1/7 e e
2 - ¥4 = e — (T =2 2.5} 3 = ¥ = ————rs
14 e /T ’ 1+ e /T

so the result is basically the same, but it is expressed diffe-

rently as it is shown below:

p /T

1+ e—1/T

o~
[
=

—

T* = Y +

or
~1/T

Y#* {1 + D} = {1+ D) Y (12}

i

R S
i+ e_1!T

Although there are significant differences between the work-
ing conditions and characteristics of adiabatic and isotherm reac-
tors, the conclusion can be drawn that they can be treated theo-

*etically on the basis of the same principle.
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This result provided ancouragement to proceed further,
transgressing the thecry and methods usually applied in chemical
enginearing science, and to introduce the methods used in process
control for the examination of the thermal stability of chemical
reactors. .

At first it was assumed>that a ‘chemical reactor as a whole
is a dynamic system which can exist in different steady states.
The response of the system was examined: if it is disturbed
whether it returns +to the previous steady state or does not.
LJAPUNOV’'s first method was used in the examination of small dis-
turbances, but if the disturbances were major, the non-linear mo-
del was solved and the plotted phase-plane provided the answer to
the guestion.

The steady states of the system can be determined by the
help of the

1. main isoclinics,
2. heat generation and removal curves,
3. bifurcating diagrams.

The last two methods can ke applied well in practice and
with their assistance the optimum working parameters of a reactor
can be determined. The methods used and the experiments will be

a
discussed in the fellowing caper.
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SYMBOLS

pre-exponential factor (1/sec)

h<

feed rate (cu. metre/second)

td

c concentration (kg moles/cu. metre)

concentration of the feed {kg molesjcu. metre)

xg

E activation energy (kilocalories/kg mol)
AE heat of reaction (kilocalories/kg mol)
k reaction rate constant (1/second)

AQR “~heat generation rate (kilocalories/second)

AQRf heat generation rate at the temperature of the wall

(kilocalories/second)

AQ§ = AQRJAQRf {(dimensionless)

x reaction rate (kg moles/cu. metre)

R gas constant (kilocalories/kg mol °K)

£ mean residence time {second)

T temperature (°K)

T feed temperature (OK)

T4 wall temperature (CK)

Vo reactor volume {cu. metre)

x degree cf conversion {(dimensionless)

v stoichiometric coefficient of the i~-th component

{dimensionless)
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PE3KME

HeycrofiukBoe NMOBEABHME HEMNOCTORHHOCO ThOA G2ABWHX  XHMHYECHHX
GeanTOopOB ABJ/ASTCA XODOWO M3IEECTHHM ABASHMEM. Hak noxaawsaeT npak-
THHA, HEYCTORYNMBOOTL MOMET OWTb AUSCALHO 2HEZYHTEALHDY M Aawe opac-
HOM, OCOGEHHO B CAy4ae NyCHa WAM ucTaHoma peaxTopa. YHYacTo 3amevanu
470 Yy DBaKTOpos, padoTamiux B DaMMMaX C BHCOMOH TeMnepaTypod u Be-
COHDH CTENEBHbY NPEEPANEHME, HIMBHEHHES cHepocTy nogaqu sewectsa {(B)
HonyeHTpayu  {cg) unm Temnepartypy (Tp) NpKHBOAYA0 H HEOHHOSHHOMY
SHUEEHHIS TEMIEPaTYpH ¥ HOHBEDPCHM. HameTowH NOOTHBODBYMBHM TOT O3HT,
HTC HE3HAUMTE/b! 06 W3MEHEHME VHE3aHHWUX NEpPaMETEOB NPHECIMT K GHay-
HOOSRAS3HOMY YBENMYEHUE TeMepaTyps W CTenedu npespauieHua. B npan-
TuHe of 3TOM nocRegHEM ABASHUM TOBOPAT, Y470 peadTop "saropencsa”,
HE3EBHCHMO OT TOro S2i0TEMTENLHO K NPOWCXOSHT TOpeHHe WMWiK  TOARHO
HBOKWAAHHEN pasorpes Hatanusatopa. B oTAMYHE 0T BHWEeSNUCAHHOCG,
BBTORE HAalAKZanNM v HEBOARAKPATHO BOCADOWIEEAK M ONPRASABHHLX HDH-
THHBOHAX MapameTpax TEHYE HEyoToRYMEOSSTh, HOCga AoBe4eHUEe peanTopa
5 DMPBLENSHHEX MDaHMLAX HEeOMWIAHHG WSMSHgRQoL, peaKTop  ooueaaupo-
Ban,

Qénémua PES¥NLTATH FOMHC OHa38Th, 4T0 CYHBCTAYKT TaHue  yaxde
HEYGToWYUERE yoags paloTH pEERTOpPa, HOTOpME HEALIR ORUCATE ypas-
HEHMEM TEenagsers SHEE CHOTSHMH, .




Hungarian Journal
of Industrial Chemistry
Veszprém
Vol.l. pp. 563-576 (1973)

DETERMINATION OF THE ASH AND MOISTURE CONTENT OF

MINERAL COALS BY NEUTRON SLOW-DOWN
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The intensity of thermal neutrons in the vieinity
of a neutron source emitting fast neutrons, depends on
the concentration of the elements capable of slowing
down the neutrons in the medium surrounding the source.

The possibilities for the determination of the
ash and moisture content of mineral coals,were studied
on the Ybasis of this fact by the application of two
sorts of geometrical arrangements. Factors interfering
with the determinations were also studied. According
to these investigations, +the technigue can be applied
with coal of low ash content (up to 20 %) mainly for
the purpose of ash content determination,with an error
of * 0.3 % ash content, whereas in the case of coal of
high ash content (higher than 50 %) it can be used for
humidity content determinaticn, with an error of * 0.2
% humidity.

INTRODUCTION

In the case of elements of low atomic number, from among the
interactions between fast neutrons and matter - i.e. elastic
scattering, inelastic scattering and nuclear reactions - it is
first of all elastic scattering that occurs with a very high pro-
bability. The loss in energy brought about by the elastic scat-

tering - to a very good approximation - is eqgual to the value
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calculated on the basis of the equations of classical physics on
elastic impact. Accordingly, the difference between the energy of

the neutron before and after collision can be expressed by the

follpwing

where E,
Ez

¥

By

Equation

formula:

2 s
Ep = Eq A2 + 2 A cos & + 1 (1)

(& + 1)2

is the energy of the neutron before the collision,

is the energy of the neutron after the collision,

is the mass number of the atom taking part in the col-
lision,

is the angle of scattering

introdﬁhtioﬁ of the symbol

_ ES
(é__ak) = a
A+ 1

{1} may be written in the following form:

@‘~J

=2 0(1 +a) + (1= a)cos 2] (2)

In the case of frontal collision, when & = x, the maximum decrease

in energy brought about by one collision,i.e. the maximum relative

decrease

in energy can be deduced from Equation (2):
= -
B - B2 .
- — min - -
Et -~ B . ={1 - 2a}Ey and —= = 1 - a {3}
min
Eq

The higher the relative change in energy brought about by

one colli
for slowi

sion, on the one hand, the number of collisions necessary
ng down tc a given final energy level is lower, and on

the other hand, the path necessary for slowing down is shorter.

it

is apparent from Eguations {1}, {2) and (3} that the loss

in energy brought about by elastic collision is inversely propoxr-

gimmai to the atomic number of the nucleus taking part in the col-
&

lision.

Wuclel of lower atomic number possess a stronger slowing

Lown capability.
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The aforesaid present a possibility for the determination of
components which are of outstanding neutron moderating capability.
If the mixture or solution to be studied is exposed to a fast
neutron radiation of constant £flux, the number (oxr intensity) of
low-energy (thermal) neutrons will change in accordance with the
concentration of the component of high neutron slowing down capa-
bility.

On the basis of the neutron slowing down capability of the
hydrogen and carbon atoms, it is possible to determine the ash and
moisture content of mineral coal; this problem is of a very high

practical importance.

According to the papers published in literature, the prin~—
ciple of measurement based on the slowing down of neutrons has
primarily been utilized in the development of technigues and appa-
ratus serving the determination of the moisture content. For
example, the moisture content of soil, concrete, woad, paper, sugar
and ore mixtures, etc., has been measured in this way [1, 2, 3, 7,
9, 10, 121.

A number of authors have dealt with the application of this
technigue for the determination of the moisture content of mineral
coal [1, 133, whereas its application for the purpose of ash con-

tent determination was so far rather limited [41].

DESCRIPTION OF THE MEASURING TECHNIQUE

It follows from the considerations on the slowing down path
length - described in the preceding section - that the estab-
lishment of an optimal geometry is a very important condition of
the applicability of the technique [6, 8]. Two - according to a
number of point of view, basically different -~ geometric arrange-
ments can bée realized; these are schematically shown in Fig. 1. In
the case of geometry realizing a "scattering of large space angle”,

the radio~isotipic neutron source, emitting fast neutrons, and the
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Z I | '=1i1)

1 2

2 &

Fig. 1. The different arrangements of neutron source and detector

a - "scattering of large space angle" geometry; b - "ab-
sorption-type" geometry; 1 - detector; 2 - neutron source;
3 - coal; 4 - paraffin

detector sensitive to slow neutrons, are placed in the immediate
vicinity of each other. The measuring head containing the neutron
source and the detector are immersed into the relatively large

sample.

Taking the conclusion of KUHN [1] - referring to the abso-
lute value of the slowing down path lengths in hydrogen and car-
bon - into consideration and using a BFa counted tube as a detec-
tor {300 mm length and 38 mm diameter}, a coal column of 600 mm
height and 600 mm in diameter can be considered as an "infinite
volume". The detector should be located in the middle of the coal
column, in its longitudinal axis, whereas the optimum position for
the neutron source is in the immediate vicinity of the detector,
at a height of the middle part of the latter.

The change in the relative intensity of the slow neutrons,
plotted against the diameter of the coal column for the case of a
coal sample of 10 %2 ash and 3 % humidity content, of a maximum
grain size of 6 mm and with application of a 9 mg R&a/Be neutron
source is shown in Fig. 2 {the height of the coal column is
600 mm).
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Fig. 2. The relation bebween the
relative intensity of neutrons
and geomeitry of coal column

ve neutron
he geometry

¥Basis of reference: the intensity pertaining to "infinitely large
voiume".

The relative change in the intensity of the slow neutrons as
plotted against the height of the coal column, in the case ©f the
same coal sample, 1is shown in Fig. 3. {The diameter of the ccal

t s

1
column was 600 mm and the distance between the bottom of the ceal

coiumn and that of the detector was irn all cases 100 mm.)

On the basis of Figs. 2 aud 2, the dimensions - "cp-

neutron inten-

of the
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intensity of slow neutrons, 100
plotted against the ash con- X%
tent. On the basis of this ca- ;Eii o
libration curve, and consider- S g6
ing +the scattering (o} value gg
calculated from the results of 43
a large number of determina- E : 92
tions {50), the error of the °°
ash content determination 31788 A
changes 1in the case of diffe- e
rent ash content ranges as il-
lustrated by Table 1. 84 \\
In practical application, \b\\&g
in certain cases, the unchan- I~
ged particle size distribution 80 0 10 20 30 ag
and constant level of moisture ash content (w.%f
content is ab ovo assured on
account of the coal processing Pig. 4. falibration curve ("secat-
technology applied, e.g. in tering of large space angle®
the case of coal refuse utili- geometry
zation, where after desinteg- *iziiziigngeiirzize:52221in22ns§t§
ration, the ore and the refuse ash content {particle size: O o
& mm, meoistnre content: 10.6 )

rock are separated in a hydro- .
cyclone, or for example, in the utilization of ahidrated lignites

in power stations.

Absclute Relative
error error

+ 2.2% & ash z 2.4 ¢

£ 0.4% ¢ azeh 2 1.5 @

N
E
54
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Fig. 5. The effect of moisture

content of coal on the relatiwve
intensity of slow neutrons.

Ash content (w.%): 1 - 78;

2 - 28; 3 - 10

*¥Basis of reference: the intensi-~

ty measured on samples of the
various coals containing 1%
moisture

569

If the measurement de~
scribed in the foregoing is
carried out with coal samples
of constant ash, but variable
moisture content, a calibration
curve enabling moisture content
determination is obtained; such
a curve, established for three
different sorts of coal contain-
ing different amounts of ash

content, is shown in Fig. 5.

It is
curves shown in Fig. 5 that the

apparent from the
sensitivity of the moisture
content determination depends
on the ash content of the coal:
the technigque is less sensitive
in the case of coals of lower
ash content. This effect can be
explained by the high carbon
content pertaining to a low ash
content and the high neutron

slow-down capability of carbon.

VConsidering the statistical nature of radiometric measurements,the

absolute

samples of different ash content illustrated in Fig.5 -~

error of the moisture determination can

- for the coal
be compa-

red on the basis of the data summarized in Table 2.
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If the constancy of moisture content

and Z. Csapb Vol. 1.

and particle size dis-

tribution cannot be ensured in the ash content determination, ran-

dom fluctuations in the moisture content may cause considerable

errors in the ash determination.
content corresponds,

ation of 2.1 % in ash content.)

In certain cases
requirements of industrial
use

tinuous measurement carried out

application -

(A 1 % change in the moisture

in the case of 10 % ash content, to a devi-

- especially when considering the unique

it may be justified to

"absorption-type" geometry, for example in the case of a con-

on material moved on a conveyor

belt. In such an arrangement, a layer of well-defined thickness of

the sample is placed between the
neutron detector.
pendent on a number of parameters,
150 mm.
laboratory measurements,

fast neutron source and the slow

The optimum layer thickness of the sample, de-

varies generally between 80 and

This same geometry can also be applied for experimental
because it is easy to handle on account

of the relatively small amount of sample. For example, the appli-
cation of various types of ne- 11100—F4a\n\

utron detectors and factors afi

interfering with the measure—Ezg 80 \\\\\

ment can advantageously be§ g \

studied with this geometry. S F \q\‘

The small amount of the needed w = 00 N
sample also enables artificial EE \
coal "samples" to be syntheti—%: 40 o
zed in a wide ash content *>° 20 40 ash620nt2gt (é)
range. A calibration curve, Fig. 6. Calibration curve {"absorp-

plotted for the 5 +to 100 %
ash content range is ahown in
Fig. 6. The

of the sample

layer thickness -

in this experi-
ment was 100 mm, the particle

*¥Basis of reference:
pertaining to a sample of 5 %

tion-type" geometry)

the intensity
% ash
ontent

size and moisture content of the sample was the same as of that

used in the studies carried out with "high space angle" scattering.

By comparing Figs. 4 and 6 (calibration curves),

the drawback of

the “absorption” geometry, i.e. its low sensitivity, becomes appa-

rent.
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INTERFERING FACTORS

If the volume weight or particle size of the samples or the
chemical composition of the ash components in the samples used for
ash =~ or moisture - content determination are different, it is

to expected that interferences will occur.

As opposed to other radiometric ash or moisture determination
techniques, changes in the chemical composition of the components
of the ash do not interfere with the determination in the meas-
uring technique based on the slowing~down of neutrons. This is ex-
plained by the fact that the elements which substitute each other
are likewise of poor neutron slowing-down capability, as compared

to the carbon or hydrogen atom.

Changes in the particle size distribution of the sample act
through changes in the volume weight.

Changes in the volume weight act as an interfering factor
since the number (concentration, [atom/cm®]) of the atoms capable
of slowing down neutrons {carbon and hydrogen) change even in the

case of an identical ash and moisture content.

Figs. 7, 8 and 9 show the changes in the intensity of slow
neutrons, plotted against the volume weight, for coal samples of a
given ash content at different moisture content values. The limits
of the volume weight intervals shown in the Figures correspond to
the loosest and most compact space fillings possible, i.e. they
are extreme values. With adeguate particle size distribution
ensuyred, it can be assumed that any spontaneous changes in space
in filling do not surpass + 0.01 g/cm® even in the case of indus-
trial processes. Changes of this magnitude in volume weight =~ as
can be judged from the calibration curves presented in Figs. 4 and
6 - cause an error of the magnitude shown in Table III. The data
refer to coals of various ash contents and to both of the geomet-

ries.
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Table 3

Ash content Absolute error in the ash content

(%) determination (%)
10 + 0.3
28 + 0.5
78 + 1.1

The interfering action of changes in the volume weight can
be eliminated by a combination of the ash - or moisture - content
determination, based on neutron slowing—down, with volume weight
determination by gamma ray absorption. This is an already solved
probiem in the case of the determination of the humidity content
of soils [5, 11l1.

DISCUSSION OF THE RESULTS

The method proposed in the foregoing enables the determina-
tion of two parameters that are of importance in connection with
the production and processing of mineral coals, these parameters
being ash content and moisture content. With coal samples of low
ash content, the technique is mainly applicable for ash content
determination, whereas in the case of coal samples of high ash
content it is preferably used £for the determination of the mois-
ture content. In the case of coal of a high ash content {such as
e.g. refuse) the determination of the moisture content -~ or its
adjustment to a predetermined value - is important with a view to
further processing {e.g. sintering in order to produce an additive

to concrete, concrete production, and filling, etc. ).

It is an advantage of the technique that the size of the ma—

terial involved in the determination, i.e. the ‘“sample size" is
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very large, especially if the "large space angle scattering" geo-
metry is applied. For example, practically all the material is
measured, in case of a measuring sonde placed into a coal storage
bunker, while it passes the sensor. Thus the information obtained
can be regarded a very good average value. Further advantagdes are
continuous operation and immediate availability of the results;
the latter enables application for process control purposes as
well. '

Considering the advantages enumerated in the foregoing, the
technique duly deserves intensive ineterst, when compared with the
usual procedure involving sampling, drying for moisture determina-
tion and incineration for ash content determination, despite the
fact that care must be exercised to overcome some interfering fac-

tors.

It is justified to combine the technique with other radio-
metric methods (e.g. gamma absorption, or reflexion) for the de-
termination of the ash content in order to eliminate the interfe-

rences.

For practical application, considering industrial conditions,
in the case of geometry producing "large space angle scattering”
it is preferable to apply a Ra-226/Be or Am-241/Be neutron source,
together with a BFsz-type counter tube.
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PE3ME

NAOTHOCTL TEPMUYECHWX HBHTPDOHGS BUAM3W MCnycHawlero GucTpHE
HENTPOHE WOTOYHWKA 38BWCHT OT HOHUEHTPaUHH SNEeMEeHTOB, TOPMOIAWMX
HEATPOHH .

Way4anoct onpefefeHye COAepHanus nenna H BRAAMHOCTHW B HaMEHHBIX
YFAAX HE OCHOBaHWK BHLBYHa3AHHOrO ABABHUA AR® onydas AByX SHCNEpH-
MEHTanbHHX YCTaHOBOK. ABTOPH uay4any BjAdAmLHE HA NpoBEASHWE SHONE-
puMeHTa GaHTOpH. JaHHue 3HCMEepPUMEHTOB MOHA3SNH, 4TO YAOMAHYTHN M8~
To4 MPMMEHWM QAR OfpPeAe/eHUA BRAMHOCTH © TouHocTeW ac *0,3% B cay-
yae yraedl ¢ manam {go 20 secossx %) copepmaduem nenad, W C TOYHO-
cTeam A0 *0,2% B cay4as yraei C BeCOHMM COLEBpHEHWENM rienna (Bonee 50

BRCOBHX %).
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