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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.




273

Mathematical Modelling of Absorption Columns I.

1973

~N
-+

¥

tap water

air

air S0,

IIAH
sampling

Part

Drain pipe

Packed absorber

1.

Fig.




27k P. ,l"&rve. and F. Szeifert Vol. 1.

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.
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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
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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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