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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
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greater. While at a re- ; - X:;X : ig :zi: i:; g:;z
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V' /V = 5 vol.per cent, the
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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
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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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