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An experimental study was made of the drum granulation process, using various sizes of glass spheres as the
material which was granulated. It was found that when the amount of granulating liquid was less than that
required to fill about 90% of the intragranular void space, the granule size was independent of time, drum
speed, and drum loading. A model was developed which was able to relate the granule size, relative to the
individual particle size, to the amount of granulating liquid. The granule size distribution depends on the
distribution of liquid, which in turn depends on the manner in which the liquid and solid are mixed.

^granulation—the act of forming or crystallizing into grains,
granules, or small masses—is a process which is included in
many industries as a means of producing solid products which
can be more easily and uniformly transported and distrib-
uted. A commonly used method of granulation is the one in
which particles of various sizes are tumbled or otherwise
agitated, in the presence of some liquid phase, in order to
get them to adhere to one another and form larger agglomer-
ates (i.e., granules). The word “granulation” will henceforth
refer specifically to this method, which is used extensively
in the fertilizer industry (Brook, 1957; Editors of Chemical
Engineering, 1951; Hignett, 1960) and in the iron ore in-
dustry (in which it is usually referred to as pelletization)
(Kapur and Fuerstenau, 1966; Knepper, 1962).

Granulation can be considered as a three-stage process:
(1) nucleation—during which particles are quickly drawn
together to form granules; the force drawing and holding the
individual particles together is due to the surface tension of
the liquid; (2) growth and compaction—if the material is wet
enough, granules will adhere to one another forming larger
granules; the tumbling action tends to keep the granules
spherical; (3) drying—during which the liquid phase is elim-
inated either by evaporation, freezing, or chemical reaction.
The surface tension force must be replaced by some other
force or else the granules will fall apart. This force can be
due to: (a) van der Waals attractions transmitted through
solid bridges—the bridges may consist of one or more solutes
left behind during evaporation of the liquid phase or of the
solid formed upon freezing what was originally the liquid
phase; or (b) chemical bonds formed during chemical reaction.
Just about any finely divided solid will undergo the first two
stages. The successful accomplishment of the third stage
requires that either the powder has some solubility in the
liquid phase, the liquid phase is a solution, the liquid phase is
frozen in place, or a chemical reaction occurs.

A number of investigators have previously reported on the
granulation of various materials (Fogel, 1960; Giddings and
DeLapp, 1963; Hardesty, 1964; Olive and Hardesty, 1962;
Phillips, et ah, 1958; Ross and Davies, 1961; Sutherland,
1962). The results have been largely dependent on the partic-
ular material being granulated. Some fundamental contri-
butions to the study of the granulation process have been
made by Newitt and coworkers (1958, 1959), Capes and
Danckwerts (1965), and Capes (1967) using sand and by

Kapur and Fuerstenau (1966) using limestone. In each of
these cases, the starting material was mixed with water in a

separate vessel (where the nucleation stage occurs), then
forced through a screen and granulated in a rotary drum.
In this way, much has been learned about the second stage of
granulation.

The object of our study was to try to obtain and analyze
experimental data which would contribute to an improvement
of our understanding of the nature of the granulation process.
Considering the present state of our understanding, we con-

cluded, as have previous workers, that the greatest contri-
bution can be made by an attempt to describe those aspects
of the granulation process which do not depend on the chem-
istry of the particular material being granulated. This meant
that (1) we would consider only the first two stages of granu-
lation referred to above (the third stage is completely de-
pendent on the nature of the materials), and (2) we would
work with materials which would not complicate the granu-
lation process by dissolving in or undergoing chemical re-

actions with the granulating liquid. This was done by carrying-
out experiments in which the granulating liquid was quickly
sprayed onto a bed of glass spheres tumbling in a rotary
drum and then allowing granulation to proceed for the de-
sired amount of time. Glass spheres were chosen because they
are insoluble, nonreactive, and readily available in a variety
of particle sizes. The use of a catalyzed aqueous solution of
AM-9* (* trademark) chemical grout (American Cyanamid
Co.) as the granulating liquid permitted the third stage of
granulation—i.e., drying—to be carried out without affecting
the size distribution existing at the end of the first two stages.
The effects on granule size distribution of liquid addition
techniques, granulation time, drum speed, initial particle
size, amount of granulating liquid, and drum loading were

observed. A model to predict average granule size was de-
veloped which fit the data reasonably well. The results were

consistent with those of earlier workers (Capes and Danck-
werts, 1965; Kapur and Fuerstenau, 1966; Xewitt and Con-
way-Jones, 1958; Sherrington, 1968).

New Experimental Technique

The first two stages of granulation could easily be carried
out with water as the liquid phase. However, it was very
difficult to handle the wet granules and to measure their size
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distributions. It was therefore necessary to develop a tech-
nique for carrying out the third stage of granulation—drying
—without changing the size distribution existing at the end
of the first two stages.

The third stage of granulation could most effectively be
carried out if a granulating liquid could be found with the
following properties: (1) its physical properties, especially
surface tension and viscosity, should remain constant during
granulation and should be reasonably close to those of water;
(2) at the end of the granulation period, the extent of which
must be variable and under the control of the experimenter,
it should instantaneously solidify in such a manner that the
existing granules neither break apart nor agglomerate further.
A material which comes very close to meeting these require-
ments is a catalyzed aqueous solution of AM-9* chemical
grout (American Cyanamid Co.).

AM-9* grout is a crystalline material consisting of approx-
imately 95% acrylamide and 5% methylene bis(acrylamido),
a cross-linking agent. In the presence of appropriate catalysts
in an aqueous solution, AM-9* grout undergoes an induction
period during which there is no change in physical properties,
after which it polymerizes almost instantaneously, forming a

firm gel. The extent of the induction period depends on the
catalyst concentration (ammonium persulfate and /3-dimethvl-
aminopropionitrile) as well as on the temperature and on the
concentration of an inhibitor (potassium ferrieyanide) which
can be added. (Detailed information on the properties and
use of AM-9* grout is available in American Cyanamid Co.
bulletins.)

It was found that when the solution was sprayed onto the
rolling bed of glass spheres in the granulator, granulation
occurred during the induction period, and after gelation the
granules were in a form in which they could be easily handled.
As oxygen is a polymerization inhibitor, it was necessary to
maintain a nitrogen purge on the system. The polymerization
reaction is sufficiently exothermic so that the gelled product
was quite dry and firm. Gelation occurred suddenly, the whole
process taking a few seconds. A marked change in physical
appearance occurred during gelation—the granules started
to tumble as a dry granular material rather than as a wet
mass of granules, thus making it easy to establish a granula-
tion time for each experiment. It was visually apparent (con-
firmed by the fact that the finished granules were generally
spherical) that neither attrition nor further agglomeration
took place to any significant extent as a result of gelation.

Conditions for Successful Operation

The technique operated most effectively when the concen-
trations of the materials in the granulating liquid were those
given in Table I. The concentration of ammonium persulfate
determines the induction time. The induction times which
could be achieved were 2.5-10 min. Attempts to increase
the induction time beyond 10 min resulted in no gelation at
all. The minimum value of induction time was fixed by the
time required to mix the solution and feed it through the
spray nozzle. This will be discussed further below.

At the concentrations given in Table I, the granulating
liquid has the physical properties listed in Table II.

Laboratory Equipment and Procedures

Granulating Drum. The batch granulation experiments
were carried out in a drum consisting of a 1-ft length of
10-in. o.d., Win. thick aluminum tubing, with a circular
transparent plastic plate fastened at each end. The total
volume of the drum was 14 1. (about 0.5 cu ft). A 3.5-in.

Table 1. Composition of Granulating Liquid
Component Weight per cent

AM-9* grout 50
ß-Dimethylarninopropionitrile 0.6
Potassium ferrievanide 0.032
Ammonium persulfate 2.5-5,0
Water Remainder

Table II. Physical Properties of Granulating Liquid
Viscosity 2.85 cP (capillan• flow method)
Surface tension 49.3 dyn/cm (DuNouy ring method)
Density 1.05 g/cm3

diameter opening was cut at the center of each end plate.
This made it possible to insert spray nozzles into the drum,
as well as to charge, empty, and clean the drum without re-

moving the end plates. Rubber stoppers were used to close
off these openings when desired.

The drum was equipped with eight “flights” to prevent the
contents from slipping at the wall (especially when dry).
These flights were simply 1-ft lengths of Win. stainless
steel rod positioned parallel to the drum axis and equally
spaced around the periphery of the drum. A device was rigged
uj) so that a hammer would strike the outside of the drum
three times per revolution in order to prevent the drum
contents (when wet) from sticking to the wall.

During operation, the drum rested on two pairs of wheels,
one pair of which was mounted on a drive shaft. The shaft
was driven by a h'4-lip gearhead motor, to which it was con-

nected by means of a chain and sprockets. The drum speed
could be varied between 6 and 46 rpm by changing the
sprocket combination. The critical drum speed, i.e., the
speed at which the centrifugal force would theoretically be so

great that the contents of the drum would be continuously
held against the wall and would not tumble, is 86 rpm

(76, \/ß, where D is the drum diameter in feet).
Liquid-Spraying System. During the course of the ex-

periments described here, two different systems were

employed for spraying liquid onto the tumbling particles.
The earlier one of these will be referred to as System I
and the later one as System II. As will be seen later, both
systems gave the same results in the granulation experi-
ments.

System I consisted of a wide-angle spray nozzle (Spraying
Systems Flood) et Nozzle No. 1/8 K50, stainless steel), con-

nected by means of a /'e-in. pipe to a pressurized liquid
reservoir. The nozzle had a flat, wide-angle spray pattern,
which could be made to cover the entire length of the drum.
The orifice size was 0.024 in. In order to obtain uniform wet-
ting of the glass spheres, it was necessary that the nozzle
have a uniform spray pattern. A large number of different
types of nozzles, as well as a few different samples of the nozzle
type chosen, were tested before one was found that had a fairly
uniform spray pattern. The test consisted of spraying water
onto the glass spheres tumbling in the drum and then dividing
the drum contents axially into four sections and obtaining a

moisture analysis on each. With the nozzle chosen, the
analyses showed no trend in any direction and the largest
deviations from the mean (in two tests) were about 10-15%.
Lateral uniformity was no problem because the solids were

well mixed in that direction by the rotation of the drum.
Complete coverage of the length of the drum was obtained
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when the reservoir pressure was 30 psi and the tip of the nozzle
wTas 3 in. above the bed of the particles. Under these con-

ditions the flow· rate was about 300 cm3/min.
System II was designed and built for the purpose of ob-

taining a more uniform distribution of liquid than could be
obtained with System I. In this case the flat spray pattern
of the nozzle (Spraying Systems Veejet Nozzle No. 1/4
VV8001, stainless steel) was directed perpendicularly to
the drum axis and was very thin in the axial direction.
Distribution of the liquid was accomplished by moving the
nozzle back and forth along the length of the drum. The
nozzle was connected to the liquid reservoir by means of a

length of rigid V's-in. pipe preceded by a length of flexible
plastic tubing. The pipe was clamped to a steel block which
was equipped with two small wheels so that it could ride
smoothly back and forth on a track. The block was in turn
rigidly connected to the piston rod of a double acting cylinder
(Airmatic Cylinder Model 11739-DTEP, 1.5-in. bore, 14-in.
stroke). The piston was driven by a 60 psi air supply which
was controlled by means of a four-way solenoid valve (AAA
Model S02). Appropriate microswitches, when actuated by
contact with the steel block at the end of each stroke, re-

versed the valve position, thereby reversing the air flow
to the cylinder and causing the piston to reverse direction.
The speed was controlled by means of valves located at the
exhaust ports of the solenoid valve. The length of the stroke
was determined by the position of the microswitches. This
system, with a speed of about one stroke per second, gave
uniform distribution over the central 9 in. of the drum,
the material near the ends of the drum being slightly wetter.
The same test as described above for System I (but only in-
cluding the central 9 in.) resulted in the largest deviations
from the mean (in three tests) being only 2-4%. When
System II was used, the material within 2 in. of the ends of
the drum was discarded. The reservoir pressure was 20 psi
and the flow rate through the nozzle was about 300 cm3/min.

Procedure and Range of Variables. The procedure for
each granulation run was as follows. The desired weight of
glass spheres, of known particle size distribution, was

placed in the drum and the drum was put in position. The
weight of glass spheres used was 750-1500 g, occupying
between 3.6 and 7.2% of the drum volume. Rotation of the
drum was begun at a predetermined speed, 19-38 rpm. A
nitrogen purge on the drum was begun (the nitrogen being
first bubbled through a column of water in order to minimize
evaporation from the glass spheres after they are wet) and
continued until the end of the run. After purging for at least
5 min, the granulating liquid was sprayed onto the glass in an

amount varying between 6 and 20% by weight, based on the
solids. The time for spraying was 12-40 sec. Granulation was

continued for the desired amount of time (2.5-10 min), at the
end of which the granulating liquid gelled, thereby “freezing”
the process. The resulting granules were free-flowing and quite
strong. The size distribution was readily obtained by screen-

ing.
The manner of feeding the liquid to the spray nozzle will

now be discussed. The induction times for the solutions used
are much shorter in bulk than when mixed ivith the solids.
It was therefore necessary to feed all of the liquid into the
granulator in a very short time after mixing the ingredients
of the solution together. Two solutions were prepared in
advance—one containing all ingredients except ammonium
persulfate, and one containing only ammonium persulfate and
water. The amounts and concentrations of the two solutions
were those required to give the desired amount and concen-

trations when mixed. At the appropriate time, the two solu-
tions were mixed and the mixture was poured into a liquid
reservoir.

The reservoir was a vertical 2-in. aluminum pipe with
appropriate fittings. It was fitted at the top with a ball valve
and a funnel. On one side, near the top, was another inlet,
this one connected by means of a three-way cock to: (1) a

compressed air supply, (2) a water supply, or (3) the atmo-
sphere. The outlet at the bottom of the reservoir was con-

nected to a spray nozzle by means of a length of flexible tubing,
a toggle valve, and a length of pipe. As iron, ordinary steel,
and copper-containing alloys affect the polymerization re-

action and are attacked by ingredients of the solution, only
aluminum, stainless steel, and plastic were used for all piping
and fittings which carried the solution.

With the toggle valve closed and the side inlet vented to the
atmosphere, the solution was poured in through the funnel
at the top of the reservoir. The ball valve was then closed
and the side inlet connected to the compressed air supply.
The toggle valve was opened and all of the liquid was sprayed
through the nozzle onto the glass spheres tumbling in the drum.
The spray nozzle along with its associated pipe and toggle
valve were then removed from the drum. The side inlet was
connected to the water supply and the entire system was

flushed out with water. In this way it was possible to start
spraying the solution within 30 sec after the ingredients were

first all mixed together. By flushing the system immediately
after spraying, plugging of the lines was virtually eliminated.

The amount of granulating liquid which actually took part
in the granulation process was somewhat less than the amount
which was fed to the liquid reservoir. Some of the liquid
remained in the feed lines and some of it was lost on the walls
of the granulator. In order to determine how much was actu-
ally mixed with the solids, samples of the granular product
were analyzed for total nitrogen content and glass content.
As all of the nitrogen came from the granulating liquid, and
the nitrogen content of this liquid was also measured, the
amount of liquid that had actually been mixed with the glass
could be calculated. The results of these analyses gave a

correlation between the amount of liquid taking part in granu-
lation and the amount which was placed in the reservoir.
The amounts of granulating liquid reported later in this paper
are the amounts which were actually mixed with the solids,
as determined by this correlation.

Glass Spheres. The glass spheres used were 3M Super-
brite glass beads obtained from the 3M Company. The
properties are given in Table III. The size range and the
mean particle size given are those measured in the labora-
tory, by screening. These values differed somewhat from
the manufacturer’s specifications. Samples were observed
with a microscope and the results agreed with the values
obtained by screening. The close-packed bulk density was

measured by weighing about 90 cm3 of material into a 100-
cm3 graduated cylinder, vibrating the cylinder until the level
no longer changed with further vibration, and reading the bulk
volume. The skeletal density was obtained by filling a 100-
cm3 graduated cylinder about half way with water, slowly
pouring in about 100 g of material, and determining the weight
and volume increase. The close-packed void fraction is simply
one minus the ratio of the bulk density to the skeletal density.

Experimental Results

Granule Size Distributions. The output data from the
laboratory experiments consisted of granule size distribu-
tions, by weight, at various levels of initial particle size,
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Table III. Properties of Glass Spheres
Arithmetic Close-packed Skeletal Close-packed

3M Size range,0 mean size, bulk density, density, void
Code no. catalog no. ß ß g/cm3 g/cm3 fraction

1 500 20-44 38 1.53 2.44 0.373
2 130 88-149 118 1.56 2.49 0.374
3 b 105-297 175 1.60 2.49 0.358
4 110 149-210 192 1.55 2.48 0.375
5 100 177-297 228 1.57 2.51 0.375
6 080 297-420 365 1.56 2.51 0.379

“ In each case, at least 98% of the material falls within the size range given.
b Mixture of catalog no. 130, 110, 100.

amount of granulating liquid, granulation time, drum
speed, and drum loading. In order to relate the size dis-
tribution to these variables quantitatively, it is necessary to
represent the size distribution by a small number of its char-
acteristics. In particular, we would like to have a measure

of the average granule size and of the spread of the size dis-
tribution. There are obviously many different kinds of aver-

ages that can be calculated (e.g., arithmetic or logarithmic
mean of number, surface area, or weight distributions). The
most appropriate average to use is the one which is derived
from the physical model being used to describe the process.
Such a model will be discussed later. In this section, for illus-
trative purposes, the logarithmic mean of the weight dis-
tribution will be used to represent the average granule size.
This representation was chosen because it is relatively in-
sensitive to small errors in the measurement technique
being used (i.e., weighing of fractions obtained on screening).
If the distribution is a normal one (Gaussian) then the stan-
dard deviation (the square root of the second moment about
the mean) is the appropriate measure of the spread. A typical
size distribution is given in Figure 1, where the ordinate has a

logarithmic scale and the abscissa has a probability scale.
A straight line represents a log-normal distribution. The raw

data obviously do not fall on a straight line.
Ungranulated Material. In each granulation run, there

was some material in the product that had the same size
range as the starting material. This material, which will
henceforth be referred to as “ungranulated,” is apparently
bypassed by the granulation process. For example, in

Figure 1. Typical cumulative granule size distribution
Weight per cent liquid = 6%
Initial average size = 0.365 mm

Figure 1, 14% of the material was ungranulated. If the un-

granulated material is removed from the product size dis-
tribution, then the “corrected” points shown in Figure 1

are obtained. The result is typical. In general, the granule
size distribution, excluding ungranulated material, is reason-

ably close to log-normal, at least over the central 80-90%
of the distribution.

The amount of ungranulated material was found to increase
as the amount of granulating liquid was decreased. Figure 2
illustrates this quite clearly, in spite of the large amount of
scatter. The “weight per cent granulating liquid” is the
weight of granulating liquid as a per cent of the weight of dry
solids.

The existence of ungranulated material is evidently due to
the nonuniformity of wetting of the particles. Some of the
material is never wet by the granulating liquid. Spraying
System II was designed in order to overcome this problem,
but Figure 2 shows that the results are independent of the
technique used for spraying.

Effect of Granulating Time, Drum Speed, and Drum
Loading. Over the range of variables studied, neither time,
speed, nor loading had any significant effect on the mean

Figure 2. Per cent ungranulated material as a function of
amount of granulating liquid
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Figure 3. Log (mean granule size) vs. per cent granulating
liquid

Initial average size = 0.192 mm

granule size, the standard deviation of the size distribu-
tion, or the per cent ungranulated.

The range of granulation times possible was 2.5-10 min.
The nucleation stage was completed before any measurements
could be made. The amount of granulating liquid used was

not sufficient to wet the material enough for it to undergo a

growth stage, so there was no further change in size distribu-
tion after nucleation. This agrees with the results of pre-
vious workers (Capes and Danckwerts, 1965; Newitt and Con-
way-Jones, 1958) who found that the growth stage occurs

only when an amount of liquid is used which is at least suffi-
cient to fill about 90% of the voids in a bed of particles. The
amount of liquid used here (6-20 wt %) was only enough
to fill between 23 and 77% of the void space. If more than
20% liquid was used, the material became too wet and much
of it stuck to the drum wall.

Drum loadings were 750, 1000, and 1500 g, corresponding to
3.6, 4.8, and 7.2% of the drum volume, and drum speeds were

19 and 29 rpm. At a drum speed of 38 rpm much of the mate-
rial was held against the drum wall.

Effect of Initial Particle Size and Amount of Liquid.
The granule size distribution depended only on the initial

particle size and on the amount of granulating liquid.
Figure 3 shows the dependence of the log (mean granule
size) on the amount of granulating liquid, for a particular
starting material. It also shows that the results are inde-
pendent of the spraying system used. Figure 4 contains data
for each of the starting materials used. The fact that parallel
straight lines can be drawn through the points in Figure 4

suggests that the data might all fall on a single line if they
were normalized. In Figure 5 the data are plotted as the log
(mean granule size) relative to the initial size vs. the amount
of granulating liquid. In order to avoid cluttering, only the
mean result is shown for each condition which was replicated.
The data do in fact scatter about a single line, showing no

trend with initial particle size, with the flagrant exception
of the finest material (0.038 mm).

The standard deviation of the size distributions (defined as

antilog [ /   Mq(log Z)< — log D)2]) showed no trend with
amount of granulating liquid, except with the finest (0.038
mm) starting material, for which it decreased as the amount
of liquid was increased. The standard deviation for the finest
material was always considerably higher than for the other
materials. It showed a slight decline with increasing particle
size, going from an average of about 2.0 for the 0.118-mm
material to an average of about 1.5 for the 0.365-mm material,
when the ungranulated material was eliminated from the
distribution. (A standard deviation of 2.0, for example,
means that 68% of the granules, by weight, have sizes be-
tween one-half and twice the log-mean; 95% have sizes be-
tween one-fourth and four times the log-mean.)

Proposed Model

A model was developed for the purpose of describing the
first stage of granulation. As no kinetic data for this stage
are available, the model is concerned only with relating the
final (or “equilibrium”) relative granule size to the amount
of granulating liquid present. (While this paper was being
prepared for publication, Sherrington (1968) published an

almost identical model. This will be discussed later.)
If we consider the granules as being spherical agglomerates

of a number of mono-size spherical particles, then we can

imagine an idealized granule cross-section as shown in Figure
6. We assume that the granule “surface” is dry; if this were

Figure 4. Log (mean granule size) vs. per cent granulating liquid
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Figure 5. Relative log (mean granule size) vs. per cent
granulating liquid

not the case, additional particles would be added on to make
a larger granule. The "surface” is assumed to consist of the
outer spherical shell whose thickness is equal to g times the
particle radius, g is an unknown factor whose value should
be around 1. A fraction, /, of the inner void space is filled with
liquid, the remainder containing entrapped air. The weight
of liquid per granule is

~fepL(Dg — gDp)3 (1)

where <? is the void fraction in the granule and pi is the liquid
density. The weight of solids per granule is

Figure 6. Idealized cross section through the center of a

granule
Shaded area represents an inner sphere of diameter (D0 — gDp) in which
liquid is present
D¿, = granule diameter
Dp = particle diameter

g — a measure of the relative thickness of the outer liquid-free spherical
shell 0 < g <2

f = fraction of inner sphere void space which contains liquid

where Nt is the number of granules having diameter D,, w, is

the weight fraction (equal to the volume fraction) of the
granules having diameter D,, and V is the total volume of all
granules. The total weight of liquid required, then, is

ZfepLi»tV( 1 - g/R,)3 (8)

g (1 — *)PSDg3 (2)

where ps is the solid skeletal density. Therefore the weight
of liquid per unit weight of solid is

where
W = W„(l - g/R)3

W,
ftPL _

_

Dg
(1 -

  ~

Dp

(3)

(4)

W„ is the limit of W when R approaches infinity. Wa/f is the
weight of liquid, per unit weight of solids, required to com-

pletely fill the voids in an infinite bed. R is the granule size
relative to the particle size (i.e., to the initial size).

Equation 3 reduces to Sherrington’s equation when R is
large (i.e., greater than about 10). In addition, Sherrington
assumed that / = 1.

Equation 3 applies to any granule of relative diameter R.
If we wish to apply it to an average value of R for any dis-
tribution of granules, then it is necessary to use the appro-
priate average, R, so that

W = IF„(1 - g/R)3 (5)

R is obtained as follows. The weight of liquid required for
granules of size D, is

and the total weight of solid present is

p.(1 - t)V (9)

The weight of liquid per unit weight of solid is, then

w = w„   a - g/Ri)*Wi (io)

/ and g are assumed to be independent of granule size and
particle size. Combining Equations 5 and 10 and solving for R
gives

Equation 11 is a formula for calculating the appropriate
average value of R, and Equation 5 is the desired formula
relating average granule size to amount of granulating liquid.

Comparison of Model with Experimental Data. R was

calculated for each granulation run, from Equation 11,
taking g equals 1. As long as g is not too different from
unity, this will give a sufficiently close approximation.

Equation 5 can be rearranged to give

1_ _

1 J_ W113

R
=

g~ gfm (wjf)«· (12)

g fepL(D, - gDp)3N, (6)

w/V
N, = (7)

  

-D,36 4

If the model is adequate, then a plot of l/R vs. (fW/Wa)113
should give a straight line of slope = — 1 /gf113 and intercept =

1 /g. Wa/f can be calculated from Equation 4 for each starting
material. We assume that e, the void fraction in the granules,
is the same as that measured for a close-packed (vibrated)
bed of particles, given in Table III. = 1.05 g/cm.3 For
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Figure 7. Comparison of measured average granule
size with proposed model

f = 0.89
g = 1.15

all materials except code no. 3, the value of 11%// was essen-

tially the same, 0.252-0.256. For the code no. 3 material
11%// was 0.234. The data for most runs except those with
the finest glass beads (which obviously cannot fit the model
if the other data do; see Figure 5) were fitted to Equation 12

by the method of least squares, and g and / were calculated.
The few runs for which # was less than 4 were omitted from
the calculations because the model cannot be expected to
apply for small values of R. The calculations gave / equals
0.89; g equals 1.15. The data are plotted in Figure 7. The
curve represents Equation 5. Again as in Figure 5, only the
average result is shown for all conditions which were repli-
cated. The data fit the model quite well (again with the ex-

ception of the 0.038-mm material), all # values except one

being within 25% of the predicted value. Data for the finest
starting material are included for comparison purposes.
These data could be shifted onto the curve if / were about
0.74 instead of 0.89 for this material.

Thus far only the relationship involving the average granule
size (Equation 5) has been tested. A more rigorous test would
be one involving data for individual size fractions (Equation
3). A few runs were made in which individual size fractions

Figure 8. Comparison of measured liquid content with
proposed model

f = 0.89
g = 1.15

were analyzed for nitrogen content; the original liquid content
could then be calculated. The results show that the distribu-
tion of granule sizes in any run is a result of the distribution
of liquid contents; the larger granules have more liquid
associated with them than the average and the smaller gran-
ules have less. As shown in Figure 8, the relationship between
actual granule size and amount of associated granulating
liquid is predicted quite well by Equation 3. Data for rela-
tive granule sizes less than about 3 do not agree well with
the model, but the model cannot be expected to apply to such
small values of#.

Discussion

The experimental results indicate that, under the conditions
studied, the nucleation stage occurs rapidly, and the resultant
granule size distribution is independent of time, drum speed,
and drum loading and depends only on initial particle size
and amount of granulating liquid. The proposed model
(in the form of Equation 5), which fits the data quite well,
relates the mean granule size to the amount of granulating
liquid. The model predicts that as the amount of liquid
approaches the value 11%, the granules will grow to infinite
size. Obviously as the final granule size becomes larger and
larger, the time required to reach that size must increase.
Therefore, as 11% is approached, a growth stage should
become apparent, and the granule size distribution should
then become dependent on time, speed, and loading. Of course,
when the granules become large, inertial and gravity forces
become important, and there is then a tendency for granules
to break down, which partly counteracts the growth tendency.
The growth stage, then, can be very complicated.

Earlier workers (Capes and Danckwerts, 1965; Newitt and
Conway-Jones, 1958) who studied the growth stage found
that growth did not occur unless the amount of granulating
liquid w'as at least about 90% of that required to fill all of the
voids in a compacted bed of the starting material. This cri-
terion corresponds, in the present nomenclature, to W > 11%,
with / « 0.9. The experimental value of / = 0.89 agrees very
well with this conclusion.

The proposed model (in the form of Equation 3) also
relates the size of any granule to the amount of liquid present
in that granule. It says nothing, however, about the distri-
bution of liquid contents. This must depend on the manner in
which the liquid and solids are mixed (although there was no
difference in the results obtained using the two techniques
described). The distribution of liquid contents, calculated
from the granule size distribution by means of Equation 3,
was Gaussian over the central 80-90% when the ungranu-
lated material was excluded. The standard deviation behaved
similarly to that for the logarithmic size distribution dis-
cussed earlier. Its average value was about 0.1411%.

In any real experimental situation, it is impossible to in-
stantaneously distribute the liquid uniformly. The particles
which are initially wet by a liquid drop form a granule. As
long as the granule size is smaller than that given by Equation
3, the granule has an excess of moisture at its outer boundary.
The liquid presumably spreads, incorporating more particles
into the granule, until the boundary no longer has an excess

of liquid. Thus, the distribution of liquid contents, and
therefore the granule size distribution, is expected to depend
on the size distribution of the liquid droplets. No experimental
study was made of this hypothesis.

We have defined / as the fraction of the intragranular void
space that is filled with liquid (1 — / represents the entrapped
air); we have found it to have a value of 0.89 for all materials
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used except the finest, for which it was 0.74. Values of /
calculated from the data of Sherrington (1968) range be-
tween 0.43 and 0.98, depending on starting material and on

whether granulation was carried out in a rotary drum or in a

paddle mixer. Sherrington, claiming that the voids must be

essentially full of liquid, concluded that the particles must
pack together more closely in a granule than they do in a

close-packed bed, thereby reducing the effective void frac-
tion. If we continue to define e as the close-packed void
fraction (determined from bulk density measurements),
then it is necessary to redefine / to include the effect of the
reduced void fraction in the granules, if any, as well as the
effect of the entrapped air. The low values of / obtained by
Sherrington may be attributed to: (1) closer packing during
granulation because of the irregular shape of his particles
(ours were smooth spheres), and/or (2) his manner of wetting
the particles which may have allowed more air to be trapped
between particles.

In addition to the above considerations, we might expect /
and g (which Sherrington found to be much less than 1) to
depend on the physical properties of the granulating liquid
and on the properties of the liquid-solid interface.

Conclusions

A model was proposed which would relate granule size to
the amount of granulating liquid, under conditions at which
the amount of liquid was not large enough to produce granule
growth after the initial nucleation. The model, containing
two empirical constants, agreed well with the experimental
data. The experimentally determined values of the constants
were quite reasonable and consistent with the results of earlier
workers.

Only very narrow initial particle size distributions were

used. However, Sherrington’s data show that the model is

equally valid for fairly wide initial particle size distributions.

Nomenclature
Dp = diameter of particles to be granulated
Dg = granule diameter
D ¡

= diameter of granules in the fth size fraction
/ = fraction of inner sphere void space filled with liquid

(Equation 1, Figure 6)

g = empirical constant in proposed model (Equation 1,
Figure 6)

N i = number of granules in the 1th size fraction
R = relative granule size, Dg/Dp
Ri = Dp/Dp
R = mean value of R (Equation 11)
V = total volume of all granules in a distribution
IF = weight of granulating liquid per unit weight of solid

(IF/100 = weight per cent granulating liquid)
FA = value of IF when R -* oo in Equation 3 (see Equation

4); IF-// is the value of IF required to completely
fill the voids in a bed of the starting material

Wi = weight fraction of granules having diameter Z)¡
Pl = density of granulating liquid
Ps = skeletal density of solid
e = void fraction
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