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Abstract

The effects of two types of powder, lactose and corn starch, and of free moisture on the kinetics of fluid-bed granulation have been

investigated using population balance modelling. A coalescence kernel that considered the deformation behaviour of the granules was used.

The best fit of the experimental data was obtained for both materials by assuming that the granules underwent plastic deformation. The

predicted cumulative number fractions were in very good agreement with the experimental data. The effect of free moisture (in the range of

5–10%) was investigated with lactose. The process was independent of the statistical distribution in free moisture within the approximate

range 5–10%. The results suggest a local plasticity in fluid-bed spray granulation caused by the deposition of spray droplets onto the granules,

with their subsequent absorption into the voids leading to regions of saturated voids. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Granulation is a key process in the agrochemical, chemi-

cal, food, mining and pharmaceutical industries. There is,

therefore, a need for the comprehensive modelling of this

process from first principles. Modelling is important if one

needs to estimate a priori granule characteristics, such as

size, shape and density, from a knowledge of the operating

conditions and the physical and chemical properties of the

powder and binder [1].

There is a clear lack of work dealing with the modelling

of granulation in the pharmaceutical literature, despite the

large-scale application of this process in the pharmaceutical

industry. The work carried out for this paper aimed at inves-

tigating the effects of powder type (lactose and corn starch)

and the free moisture content of lactose granules on their

growth kinetics, with population balance modelling using a

kernel which accounted for the deformation behaviour of

the granules.

2. Theoretical development

2.1. The population balance equation

The basis for the modelling of granulation is the statistical

mechanics equations describing the Markov processes.

Examples of linear, irreversible Markovian equations are,

for example, the Fokker–Planck, Smoluchowski [2] and

master equations. These equations have been quite success-

ful in the codification of large quantities of experimental

data on different systems [3]. Müller [4] was probably the

first to derive an equation in continuous form describing the

coagulation or coalescence of free-in-space systems such as

diluted colloidal solutions, given by

df ðv; tÞ

dt

¼ 2
Z1

0
bðv; uÞf ðv; tÞf ðu; tÞdu 1

1

2

Zv

0
bðv 2 u; uÞf ðv 2 u; tÞf ðu; tÞdu (1)

where f(v,t) is the number density function, t is time, u and v

are the volumes of spherical particles, and b (v,u) is the

coalescence kernel.

Eq. (1) is a population balance equation (PBE) because it

expresses a simple balance: the rate of accumulation of

particles of a given size equals their rate of formation

minus their rate of disappearance. The left hand side of

Eq. (1) represents the time rate of change of the number
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of particles with volume v. The first term on the right hand

side of Eq. (1) describes the rate of disappearance of parti-

cles with volume v by their collision and binding with

another particle of any diameter. The second term represents

the rate of formation of particles with volume v by the

collision and binding together of two particles whose two

volumes total v. The leading factor of 1/2 is added to avoid

any double counting.

A PBE relates to the particle size distribution, the system

kinetics, the device, the operating conditions and the material

flows [5]. PBEs allow an analysis of how particle size distri-

butions are related to the underlying microscopic kinetics.

For a restricted-in-space system, as in a granulator, the

number of random collisions between particles belonging to

any two size groups, i and j, under the constraint of perfect

mixing is proportional to the product of the number of

species of one type with the number fraction of the second

type (Eq. (2)) [6].

½Collisions�i;j / niðtÞ
njðtÞ

NðtÞ
ð2Þ

where N(t) is the total number of particles in the system at

time t.

Therefore, the right hand side of Eq. (1) has to be divided

by the total number of particles, N(t), to describe the popu-

lation balance in a granulating device (Eq. (3)) [7].

df ðv; tÞ

dt
¼ 2

1

NðtÞ

Z1

0
bðv; uÞf ðv; tÞf ðu; tÞdu

1
1

2NðtÞ

Zv

0
bðv 2 u; uÞf ðv 2 u; tÞf ðu; tÞdu (3)

A review of population balance modelling has been carried

out by Ramkrishna [8].

2.2. The coalescence kernel

The coalescence kernel is a very important parameter in a

PBE, as it gives the functional dependency of the growth

rate on the process and the material variables. Owing to the

limited knowledge of the forces involved in the granulation

process, the kernels available in the literature are only

empirical or semi-empirical. A summary of some coales-

cence kernels has been given by Cryer [9].

Based on a force balance between two colliding granules

with diameters D and d, Ouchiyama and Tanaka [10] devel-

oped a semi-empirical kernel (Eq. (4)). Successful coales-

cence occurs if the strength of the formed liquid bridge is

greater than the separating forces and is described by a

probability, P(D,d), that is a number between 0 and 1.

PðD; dÞ ¼ ln 1 2
ðDdÞg23h=2

D 1 d

2

� �2g2423h=2
=d423h=2

8>><
>>:

9>>=
>>;

2=ð3zÞ
2
6664

3
7775

n

ð4Þ

where d is a characteristic limiting size, defined as

PðD; dÞ ¼ 0 for D $ d; d $ d:

The kernel requires five semi-empirical constants,

namely, g , h , l , z and n. Two of these constants, h and

z , are related to the elastic and plastic behaviour of the

colliding particles. The surface area of contact, S, between

two colliding particles is given by

S / Qz Dd

D 1 d

� �h
ð5Þ

where Q is the compressive force between two colliding

granules.

According to the theory of Hertz (cf. Refs. [11–13]),

values of h ¼ 0 and z ¼ 1 describe plastic behaviour, and

values of h ¼ z ¼ 2=3 describe elastic behaviour [14].

By equating the dissipation of the initial kinetic energy of

the colliding granules in a viscous binder layer around the

granules, Ennis et al. [15] proposed that coalescence will

occur if the initial kinetic energy is dissipated, otherwise the

liquid bridge formed from contact of the colliding particles

will rupture, and rebound will occur. The critical Stokes

number represents the critical energy required for rebound.

Adetayo and Ennis [16] described the limiting size, d , as

a function of the critical Stokes number St* as

d ¼
16m

rv
Stp

� �
ð6Þ

where m is binder viscosity, r is the granule density, v is the

initial collision velocity and St* is the critical Stokes

number.

Kristensen et al. [17] obtained the following equation for

the limiting size, d :

d2=a ¼ A
Dl=Dð Þ3

sc

ð7Þ

where a and A are constants for the given system, D is the

diameter of the agglomerate, and Dl/D is the normalized

strain of the agglomerate caused by a stress corresponding

to the compressive strength, s c, of the agglomerate.

2.3. Solution of the PBE

Analytical solutions of the PBE are known only for a few,

simple kernels [5,18]. For kernels with physical signifi-

cance, no analytical solutions seem to be possible [19]. In

some cases, similarity solutions are possible, which trans-

form the PBE into an ordinary integro-differential equation,

thus reducing the number of independent variables from two

to one. Such similarity solutions can represent exact solu-

tions over a long time period [19].

Various methods are available to numerically solve a

PBE [20]. Their accuracy can be tested with kernels for

which the analytical solutions are known.

One PBE, which is formulated in a manner that mass is

conserved during the evolution of time, which is not difficult

T. Abberger / European Journal of Pharmaceutics and Biopharmaceutics 52 (2001) 327–336328



to program and which is claimed to be relatively accurate, is

the discretized population balance of Hounslow et al. [21]

(Eq. (8)).

Here, Ni is the number of particles in the ith interval, N(t) is

the total number of particles in the system at time t, and b i, j

is the coalescence kernel of particles in the ith and jth

section.

In the discretized PBE, the partial differentials are

replaced with finite differences (except in the time domain),

the integrals with sums, and the number density with

numbers of particles in defined size ranges [5], which facil-

itates a solution.

A geometric discretization of the particle size distribution

was chosen for formulating Eq. (8) as

vi11

vi

¼ 21=r ð9Þ

where vi is the volume of a particle in the ith interval and r is

an integer (unity in the case of Eq. (8)).

A geometric discretization requires a fewer number of

intervals to describe a particle size distribution than a

uniform discretization, where each interval spans the same

constant range in particle sizes [5].

To allow a finer discretization than obtainable with the

term vi11=vi ¼ 2, Litster et al. [22] expanded Eq. (8) to

include integer numbers greater than unity.

Eq. (8) has to be solved as many times as the number of

intervals there are in the division of the particle size distri-

bution. It spans the smallest particle range for the starting

powder, up to the largest volume expected for a granule.

There should always be an empty interval at the end of the

particle size distribution to avoid a finite domain error. A

finite domain error can be monitored by checking thatRvmax
vmin

vf ðv; tÞdv is conserved during the computations [23].

After numerical calculation of the right hand side of Eq.

(8), the integration over dt can be performed using a stan-

dard technique.

2.4. Free moisture

According to Abberger and Egermann [24], the amount of

free moisture (which can be defined as the ratio of free

moisture to the powder mass, in percentage units) is calcu-

lated from the difference between the moisture input and the

eliminated moisture.

The eliminated moisture is determined both by the

humidity in the exhaust air, and by the amount of moisture

sorbed by the powder. This latter term may be important

with particles that show a swelling characteristic, such as

starch powder, where considerable quantities of water are

eliminated by absorption. With lactose powder, absorption

is not significant. With non-sorbing powders, the free moist-

ure can be calculated from the operating conditions based on

a thermodynamic model [25–27].

3. Materials and methods

3.1. Experimental

The experimental details are given in Table 1. Two series

of experiments were performed using lactose. The first

series was with a target content of 5% free moisture.

According to calculations of free moisture from the

known operating conditions, 44 ml of the granulating liquid

was added at a rate of 30 ml/min to obtain a 5% free moist-

ure level. The spray rate was reduced to the equilibrium

value of 11.9 ml/min, and then volumes of 50, 100, 150,

200, 250, 300 or 350 ml were sprayed continuously onto the

powder bed.
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Table 1

Experimental details

Equipment: Instrumented [27] fluid-bed granulator, STREA-1 (Aeromatic-Fielder, Bubendorf,

Switzerland) for batchwise operation

Feed material: Lactose Ph. Eur. grade, GranuLac 200 (Meggle, Wasserburg, Germany); corn starch, Maisita

21005 (Agena, Wien, Austria)

Batch size: 400 g

Granulating fluid: Aqueous solution of 4% polyvinylpyrrolidone Ph. Eur. grade, Kollidonw 90 F (BASF,

Ludwigshafen, Germany)

Laboratory air conditions: Temperature, 20 ^ 18C; relative humidity, 45 ^ 10%

Inlet air flow rate: 40 m3/h

Inlet air temperature: 708C

Atomizing air pressure: 0.8 bar

Nozzle diameter: 0.8 mm

Calculated equilibrium spray rate [26]: 11.9 ml/min

dNi

dt
¼

1

NðtÞ
Ni21

Xi2 2

j¼1

2j2i11bi21;jNj 1
1

2
bi21;i21N2

i21 2 Ni

Xi2 1

j¼1

2j2ibi;jNj 2 Ni

X1
j¼i

bi;jNj

0
@

1
A ð8Þ



The second series was with a target content of 10% free

moisture. In this case, 78 ml of liquid was added at a rate of

30 ml/min. Then, volumes of 50, 100, 150, 200 or 250 ml

were sprayed onto the powder bed at a rate of 11.9 ml/min.

For each granulation, samples weighing about 5 g were

taken after the addition of the first 44 or 78 ml, respectively,

and after the addition of the total volume of granulating

liquid. These samples were dried using a moisture analyzer

LP 16 (Mettler, Greifensee, Switzerland) [27], and the free

moisture was calculated from the loss on drying.

With the corn starch, two experimental series were also

performed [28]. With the first series, 150, 200, 250, 300 or

375 ml of granulating liquid was sprayed onto the powder

bed at a rate of 20 ml/min.

With the second series, 200 ml of pure water was sprayed

at a rate of 20 ml/min on each batch. Subsequently, 250, 300

or 350 ml of 4% polyvinylpyrrolidone solution was sprayed

at a rate of 20 ml/min onto the batch.

Owing to the difficulties in being able to tell the free

moisture from sorbed moisture when determining the loss

on drying, no experimental data on the free moisture can be

given for the starch granulations. Starch was chosen because

it is practically insoluble in cold water [29].

The size distributions of 100 g for the dried starch gran-

ules and 250 g for the dried lactose granules were deter-

mined by sieve analysis [25]. The sieve analysis data were

fitted to a log-normal distribution function using a program

developed by Spencer and Lewis [30]. This determined the

median diameter, d50,3, the geometric standard deviation, sg,

and the coefficient of correlation, R2, of the data from the

log-normal distribution function. The standard deviation, s,

defined as s ¼ lnðd84=d50Þ, was calculated according to the
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Table 2

Number of particles in each class at selected values of t for a lactose series (target content of 5% free moisture)

Class Uba t

0 (start) 0.1 0.5 1.0 1.5 2.1 3.0

1 1.6 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00

2 2.0 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00

3 2.5 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00

4 3.2 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00

5 4.0 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00

6 5.0 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00

7 6.3 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00

8 8.0 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00

9 10.1 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00

10 12.7 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00

11 16.0 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00

12 20.2 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00

13 25.4 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00

14 32.0 5.71E 1 04 5.21E 1 04 3.59E 1 04 2.25E 1 04 1.41E 1 04 7.98E 1 03 3.40E 1 03

15 40.3 9.92E 1 04 9.06E 1 04 6.31E 1 04 3.99E 1 04 2.52E 1 04 1.45E 1 04 6.25E 1 03

16 50.8 2.34E 1 05 2.15E 1 05 1.52E 1 05 9.77E 1 04 6.26E 1 04 3.65E 1 04 1.61E 1 04

17 64.0 5.11E 1 05 4.71E 1 05 3.39E 1 05 2.24E 1 05 1.46E 1 05 8.75E 1 04 3.99E 1 04

18 80.6 1.23E 1 06 1.14E 1 06 8.46E 1 05 5.76E 1 05 3.89E 1 05 2.41E 1 05 1.15E 1 05

19 101.5 1.62E 1 06 1.52E 1 06 1.17E 1 06 8.31E 1 05 5.85E 1 05 3.80E 1 05 1.94E 1 05

20 127.9 2.86E 1 06 2.70E 1 06 2.16E 1 06 1.61E 1 06 1.19E 1 06 8.19E 1 05 4.55E 1 05

21 161.2 4.21E 1 06 4.03E 1 06 3.38E 1 06 2.68E 1 06 2.10E 1 06 1.54E 1 06 9.44E 1 05

22 203.1 4.21E 1 06 4.09E 1 06 3.63E 1 06 3.09E 1 06 2.59E 1 06 2.06E 1 06 1.41E 1 06

23 255.9 3.76E 1 06 3.70E 1 06 3.45E 1 06 3.12E 1 06 2.79E 1 06 2.39E 1 06 1.84E 1 06

24 322.4 4.51E 1 06 4.46E 1 06 4.27E 1 06 4.01E 1 06 3.73E 1 06 3.38E 1 06 2.85E 1 06

25 406.1 2.71E 1 06 2.71E 1 06 2.72E 1 06 2.71E 1 06 2.68E 1 06 2.62E 1 06 2.47E 1 06

26 511.7 1.92E 1 06 1.93E 1 06 1.94E 1 06 1.96E 1 06 1.97E 1 06 1.98E 1 06 1.97E 1 06

27 644.7 1.23E 1 06 1.24E 1 06 1.25E 1 06 1.27E 1 06 1.29E 1 06 1.31E 1 06 1.35E 1 06

28 812.2 5.20E 1 05 5.23E 1 05 5.33E 1 05 5.46E 1 05 5.61E 1 05 5.80E 1 05 6.10E 1 05

29 1023 2.28E 1 05 2.29E 1 05 2.32E 1 05 2.36E 1 05 2.40E 1 05 2.46E 1 05 2.56E 1 05

30 1289 9.92E 1 04 0.00E 1 00 1.00E 1 05 1.01E 1 05 1.03E 1 05 1.04E 1 05 1.07E 1 05

31 1624 5.41E 1 04 0.00E 1 00 5.44E 1 04 5.46E 1 04 5.50E 1 04 5.54E 1 04 5.61E 1 04

32 2046 0.00E 1 00 0.00E 1 00 1.34E 1 02 2.83E 1 02 4.47E 1 02 6.64E 1 02 1.03E 1 03

33 2578 0.00E 1 00 0.00E 1 00 1.19E-01 4.97E-01 1.22E 1 00 2.66E 1 00 6.38E 1 00

34 3248 0.00E 1 00 0.00E 1 00 4.52E-05 3.76E-04 1.42E-03 4.56E-03 1.70E-02

35 4093 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00 0.00E 1 00

Sum 3.01E 1 07 2.91E 1 07 2.63E 1 07 2.32E 1 07 2.05E 1 07 1.79E 1 07 1.47E 1 07

a Ub, upper bound of class (mm).



relation, s ¼ lnsg. The median diameter of the number

distribution, d50,0, was calculated using a Hatch–Choate

Equation [31].

3.2. Modelling

To model granule growth with the population balance

approach, the following assumptions were used (assump-

tions (i)–(iii) cf. Ref. [12]):

(i) that the particles in the granulator are completely

mixed, and coalescence occurs by the combination of two

particles;

(ii) that coalescence occurs whenever an adhesive force is

experienced by a pair of particles;

(iii) that attrition or crushing of the granules can be disre-

garded; and

(iv) that the evolution of porosity can be disregarded.

In each of the lactose series, the first granulation with an

R2 value of at least 0.99 was used as the starting distribution

for the simulation. These were the 44 1 100 ml for the 5%

series, and the 78 1 50 ml for the 10% series. The starting

distribution for the starch series in Fig. 3 was the granulation

with 150 ml of added granulating liquid, and this with 250

ml for the series in Fig. 4.

The total number of particles of the starting distribution,

N(t0), was calculated according to the equation

Nðt0Þ ¼ mb

6

pd3
vnra

ð10Þ

where mb is the mass of the batch in grams, dvn is the

diameter, from the arithmetic mean of volume distribution

in centimetres, and r a is the apparent density in grams per

cubic centimetre.

The value of dvn was calculated from sieve analysis data

using a Hatch–Choate Equation.

The apparent densities from measurements by Nimylo-

wytsch [32] were used for the computation of N(t0), which

was 1.00 g/cm3 in the case of the example shown in Table 2.

A dimensionless time, t , was introduced according to

t ¼ qt ð11Þ

where q is the frequency of the adhesion force experienced

by a pair in reciprocal seconds, and t is real time in seconds.

To resolve the particle size distribution determined by the

sieve analysis, taking a value for r ¼ 1 was sufficient, and

therefore Eq. (8) was used in its original form in this work.

Eq. (8) was integrated using the Runge–Kutta 4th Order

technique with dt ¼ 0:1, and the coalescence kernel of

Ouchiyama and Tanaka [10] (Eq. (4)) was also applied.

All the calculations were performed using a Microsoft

Excel spreadsheet.

Table 2 shows an example of a run (the lactose series with

a target content of 5% free moisture). It shows the number of

particles in each class at selected values of dimensionless

time, t . The best fit between the model and the experimental

data was obtained for values of t of 2.1 and 3.0, where t ¼

2:1 corresponds to 4 min 12 s, and t ¼ 3:0 corresponds to 21

min in real time.

A monotonic function with a decreasing gradient

described the relationship between t and t very well when

t and t were fitted using the TableCurve 2D software pack-

age (SPSS, Chicago, IL), as was found empirically for each

of the four series.
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Table 3

Properties of the lactose granulations

Volume of granulating

liquid (ml)

Free moisture content (%) Granule size

Target Start End d50,0 (mm) s

44 1 100 5 6.4 6.0 202 0.63

44 1 150 5 5.1 3.9 279 0.56

44 1 350 5 NDa 5.5 323 0.64

78 1 50 10 10.2 9.2 138 0.77

78 1 100 10 5.6 6.0 288 0.57

78 1 150 10 9.7 7.5 410 0.48

78 1 200 10 11.4 7.8 469 0.47

78 1 250 10 8.0 8.5 465 0.47

a ND, not determined.

Table 4

Properties of the starch granulations

Volume of granulating

liquid (ml)

Granule size

d50,0 (mm) s

150 32 0.72

200 51 0.71

250 67 0.70

300 124 0.56

375 163 0.67

After addition of 200

ml pure water

250 38 0.99

300 87 0.82

350 94 0.79



4. Results

Table 3 shows the properties of the lactose granulations

used in the fitting experiments the d50,0 and s values and the

target and measured free moisture contents after 44 or 78

ml, respectively, of added granulating liquid (start) and at

the end of the process of adding the granulating liquid. The

deviations from the target contents reflect the experimental

difficulties in obtaining the desired moisture content. Table

4 shows the d50,0 and s values for the starch granulations.

Fig. 1 shows the evolution of the cumulative number

distribution with time for the 10% series and Fig. 2 shows

the evolution for the 5% series. Fig. 3 shows the evolution of

the cumulative number distribution for the starch granula-

tions without any previously added water and Fig. 4 shows

the evolution of the cumulative number distribution for the

starch granulations with a previous addition of 200 ml of

pure water. Only these granulations were considered for

comparison with the model, as R2 from the log-normal

distribution had a value of at least 0.99. This was true for

the lactose granulations in Table 3, and for all of the starch

granulations. This limitation was necessary, because a

number distribution had to be obtained from the sieve analy-

sis data.

The fit between the model and the data is very good (see

Tables 5 and 6), except for one curve shown in Fig. 3. Here,
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Fig. 1. Predicted and experimental cumulative number distribution of the lactose 10% series.

Fig. 2. Predicted and experimental cumulative number distribution of the lactose 5% series.



the model underestimated the coarsest fractions for the

process after 11 min 15 s; however, the 375 ml granulating

liquid additive was near to the limit that could be added

under the applied experimental conditions before overwet-

ting and defluidization occurred.

With the assumption that the granules underwent plastic

deformation, the evolution of the size distribution could be

modelled well for both materials. With lactose, the evolu-

tion could be modelled well independent of the statistical

distribution that existed between 5 and 10% of the free

moisture content within each series (see Table 3). The

best fit of the model to the data was obtained using values

of z ¼ 1, l ¼ 1, g ¼ 9 and n ¼ 5 as the model parameters

for all the granulations. These four values are within the

limits of the coalescence probability model [33].

When using a value of h ¼ 2, the best fit was obtained for

the lactose series and the starch series with previously added

water. For the starch series without added water, the best fit

was obtained using h ¼ 0 (see Tables 5 and 6).

In the best fit, d was constantly equivalent to 2900 mm for

both lactose series, and constantly equivalent to 1100 mm

for both starch series. Cryer [9] related the value of d to the

fluidization conditions, as they affect the relative collisional

velocity of the particles and, therefore, the Stokes number.

For each of the four series, the dimensionless time, t , was

a monotonic function of the real time, t, with decreasing
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Fig. 3. Predicted and experimental cumulative number distribution of the starch series.

Fig. 4. Predicted and experimental cumulative number distribution of the starch series with previous addition of 200 ml pure water.



gradient. This indicates that, at least under the applied flui-

dization conditions, q is not constant during the course of a

fluid-bed granulation. For further elucidation additional

work will need to be carried out.

5. Discussion

Liu et al. [34] stressed that neither the approach of

Ouchiyama and Tanaka [10], nor that of Ennis et al. [15]

is completely satisfactory. Ennis et al. [15] neglected the

role of plastic deformation at the contact point, and did

not consider non-surface wet granules. Liu et al. [34]

extended the model of Ennis et al. [15] by additionally

accounting for plastic deformation in the granule matrix.

The Ouchiyama and Tanaka [10] coalescence kernel is

applicable in simulations of the data of this work; however,

the general applicability of this type of modelling has not

yet been documented.

The starch series without the previous addition of water

could be simulated best when using values of z ¼ 1 and

h ¼ 0. According to the literature [11,12,33], these values

stand for plastic deformation of the granules. The other three

series gave the best fit when using values of z ¼ 1 and

h ¼ 2.

Values higher than 2/3 for h may result from a probable

positive size dependence on the compressive force, which

was discarded in formulating the coalescence probability

[33]. However, this work shows experimental evidence

that this should be considered. It is not yet clear why this

effect is not visible with the starch granulations without any

previous addition of pure water.

The best fit was always obtained when z ¼ 1, which is

indicative of plastic deformation behaviour. Agglomerates

have to contain sufficient liquid to render them plastically

deformable [35]. In experiments with lactose, the apparent

saturation degree required to see significant growth was in

the range of about 30–60% [36]. Holm et al. [37] showed

that lactose becomes plastically deformable at liquid satura-

tions between 30 and 80%, dependent on the porosity of the

sample. From Eq. (7), Kristensen et al. [17] concluded that

the rate of growth by coalescence between agglomerates is

controlled primarily by the saturation degree of the agglom-

erate, because it is the liquid saturation which controls the

strain behaviour.

In fluid-bed spray granulation, spray droplets that hit the

granules spread over their surfaces, and need some time to

be absorbed and distributed. The deposition and subsequent

absorbance of spray droplets in granules during fluid-bed

spray granulation is supposed to dynamically lead to regions

of locally high void saturation with increased plastic defor-

mation behaviour, even if the overall saturation of the gran-

ulation charge is low, e.g. in the pendular state. If the area

where deformation takes place when the granules collide is

smaller than or equal to the area of local plasticity, it is

likely that one can use a value of z ¼ 1, although the overall

saturation is low.

Huang and Kono [38] focused on local effects due to the

structural heterogeneity of a granule. They stated that the

local deformability (defined as the ability for local porosity
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Table 5

Values used in the simulation of the lactose series, and the coefficient of correlation between the predicted and the experimental size distribution

Free moisture 5% 10%

Time, t 4 min 12 s 21 min 00 s 4 min 12 s 8 min 24 s 12 min 36 s 16 min 48 s

z 1 1 1 1 1 1

h 2 2 2 2 2 2

l 1 1 1 1 1 1

g 9 9 9 9 9 9

n 5 5 5 5 5 5

d (mm) 2900 2900 2900 2900 2900 2900

R2 0.9997 0.9976 0.9998 0.9998 0.9996 0.9994

Table 6

Values used in the simulation of the starch series, and the coefficient of correlation between the predicted and the experimental size distribution

Without previous addition of water With previous addition of water

Time, t 2 min 30 s 5 min 00 s 7 min 30 s 11 min 15 s 2 min 30 s 5 min 00 s

z 1 1 1 1 1 1

h 0 0 0 0 2 2

l 1 1 1 1 1 1

g 9 9 9 9 9 9

n 5 5 5 5 5 5

d (mm) 1100 1100 1100 1100 1100 1100

R2 0.9985 0.9990 0.9987 0.9948 0.9995 0.9996



reduction) controls granule growth in granules with low

moisture contents.

To verify the possible effect of local plasticity, further

porosimetry measurements are necessary to estimate the

overall saturation. It is unlikely that the local plasticity is

completely unaffected by the total moisture content;

however, it is likely that it depends on the droplet size,

which is another controlling factor in fluid-bed spray gran-

ulation [39–42].

Granulation time must always be considered. A corre-

sponding effect in this work is that the binder concentration

within the agglomerates is proportional to the operating

time. As the water is eliminated from the granulating liquid

during the process by evaporation or absorption, the binder

concentration, and consequently the viscosity of the liquid

bridges within the agglomerates, will increase. Although

there may be local variations in binder distribution and

thus in viscosity, the viscosity of the surface layer is

supposed to increase markedly during the process. Accord-

ing to Ennis et al. [15], the agglomerate growth will be

affected by the viscosity. With the lactose powders, a

small part will become dissolved in the granulating liquid

and act as a second binder.
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Appendix A. List of symbols

a, A, constants.

d, D, diameter of granule.

dvn, diameter of granule, from the arithmetic mean of

volume distribution.

d50,0, median diameter of the number distribution.

f(v,t), number density function.

l, strain.

mb, mass of batch.

n, model parameter in the coalescence probability.

ni(t), number of particles in size group, i, at time, t.

Ni, number of particles in the ith interval.

N(t), total number of particles in the system at time, t.

P, coalescence probability, defined by Eq. (4).

q, frequency of adhesion force experienced by a pair.

Q, compressive force between two colliding granules.

r, an integer.

s, standard deviation.

sg, geometric standard deviation.

S, surface area of contact.

St*, critical Stokes number.

t, time.

u, v, volumes of spherical particles.

v, initial collision velocity.

vi, volume of a particle in the ith interval.

b , coalescence kernel.

d , characteristic limiting size.

g , model parameter in coalescence probability.

h , property of a granule.

l , model parameter in coalescence probability.

m , binder viscosity.

r , granule density.

r a, apparent density of granules.

s c, compressive strength.

t , dimensionless time defined by Eq. (11).

z , property of a granule.
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