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Summary L
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i mpoﬂant part for validation ahd quality. assur-
ance purposes. The granulation process can be .
easﬂy rncmnttb:ed by the determination ‘of ‘the
power consumpﬁon of the mixet used The pa--
per shows, that process monitoring can facmtatef-

the scale-up exercise of the classical wet ag- ;
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-granu“laﬂon process. The paper shows, that there

is an experimental ewdence for soai&-up mvarlaw_
.’bles - Qe

Zusammenfassung

Prozelduberwachung mit automatischer Regi-
strierung stellt heute ein wesentliches Hilfsmittel
zur ProzeBvalidierung und zur Qualititssicherung
dar. Der Granulierprozef kann aufgrund der konti-
nuierlichen Leistungsmessung am Mischer/Granu-
lator leicht Uiberwacht werden. Die Arbeit zeigt, daf?
die Prozefiliberwachung das Scale-up-Prozedere
bei der klassischen Feuchtgranulation wie auch im
Falle der Granulation im Hochleistungsmischer und
beim anschliefenden Trocknen der Granulate er-
leichtert. Im Hinblick auf die Anwendung beim Gra-
nulieren wird auf die Grundlagen der Scale-up-
Theorie eingegangen. Es konnte dabei gezeigt
werden, dal® Scale-up Invarianten gesucht werden
mussen und auch experimentell nachweisbar sind.

* Paper presented at the Colloguium on Granulation End-Point
Control held at the Royal Society, London, February 8, 1983
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1 Introduction

Process monitoring has recently become an
important part for validation and for general quality
assurance purposes. The American Pharmaceutical
Manufacturers Association defines the quality of a
product as follows (1):

1. The guality of a product is its degree of posses-
sion of those characteristics designed and
manufactured into it which contribute to the
performance of an intended function when the
product is used as directed.

2. The quality of medicinal and related products is
the sum of all factors which contribute directly
or indirectly to the safety, effectiveness and
acceptability of the product.

3. Quality must be built into the product during
research, development and production.

The third statement includes problems asso-
ciated with the scale-up exercise. Among the quali-
ty parameters the bioavailability of a drug is con-
sidered as one of the most important ones. There
is @ number of factors which directly or indirectly in-
fluence the bicavailability of an oral solid dosage
form:

A) Factors related to the dosage form:
Desintegration time
Dissolution rate of the active substance
B) Factors related to the active substance:
Polymorphic crystal form
Particle size
Hydrated or anhydrous form
Wettability, Solubility
Stability (heat, moisture sensitive drugs)

All these factors mentioned can be influenced
by the granulation process and/or by a change of
the granulation process during scale-up. Though
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scale-up is a very important task fundamental in-
vestigations in the field of pharmaceutics are miss-

ing.

2 Scale-up methods

2.1 Empirical and semiempirical methods

2.1.1 The state of art

The method of "'trial and error” is still the most
~ widely used technique. This method depends on
_ the skill and experience of the pharmaceutical
" scientist, who is in charge of the scale-up exercise.
A more sophisticated approach may be used by
applying experimental design (2). This procedure
vields linear or quadratic equations, which show
the sensitivity of a quality parameter chosen to
smaller variations of the process factors (Fig. 1).
Such an approach is used by MERCK SHARP and
DOME (3). The main advantage is that they know
exactly how critical a certain process is. Without
this mathematical tool a pharmaceutical scientist
will adapt the process during scale-up according to
the results he has obtained. This procedure is often
less expensive but may be more risky. It is clear,
however, that the latter method can be best and
safely applied using some kind of process monito-
ring. An example is given in the following section.

2.1.2 The scale-up of the drying process

in a fluidized bed dryer

The final moisture content of a granulate is a
very important factor and can be decisive for an un-
critical tablet production. The drying process can be

hardness

Concentration of Magnesiumstearate

Fig. 1 Response surface of the quality parameter hard-
ness of a tablet as a function of the compressional
force and the concentration of magnesium stearate in
the formulation (2)

easily monitored by means of the temperature
change at the surface of the granules. This change
of temperature can be explained most simply by
means of the two-capillary model. The fine capillary
draws liquid out of the coarse capillary by capillary
action. This liquid is transported to the surface of
the granulate which thus remains moistened. This
state of dynamic equilibrium on the surface of the
material is characterized by a constant temperature
Ty, the "wet bulb temperature” on the granulate
surface. In the second stage of drying the fine cap-
illaries are no longer able to maintain an adeguate
supply of liguid on the surface and begin to dry out.
The temperature on the surface of the material
therefore rises. The granulate has a residual water
content which is specific to the composition and
corresponds to a certain temperature on the granu-
late surface. Thus this phenomenon may be used
for monitoring and controlling the drying process:
The dryer is switched off at an end temperature T,
which has been established in preliminary experi-
ments (4}:

T, then corresponds to the sum of the wet
bulb temperature T in the first drying stage and a
guantity AT:

T, =T, +AT (1)

T, is established with laboratory scale batches
of ca. b kg batch size. The next batch size may be
15 kg or 30 kg in the pilot plant dryer. The pharma-
ceutical scientist has now to adapt the switch-off
temperature T, to get the same final moisture con-
tent:

T, (6 kg batch) = T, + AT 2)
T.* (30 kg batch) = T, + AT* (3)

This fact is not surprising, as even in the case
of geometrically similar scaled-up fluidized bed
drying, it is difficult to measure T, exactly at the
same (i. e. the corresponding) place within the
fluidized bed. This fact raises the question of the
importance of the principle of similarity in scale-up
processes (5).

2.2 The principle of similarity

2.2.1 The definition of simifarity and

dimensionfess groups

The important concept for scale-up is the
principle of similarity (6). When scaling up any
mixer/granulator (e. g. planetary mixer, high speed
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mixer, pelletizing dish etc.) the following three
types of similarity need to be considered: geomet-
ric, kinematic and dynamic. Two systems are geo-
metrically similar when the ratio of the linear di-
mensions of the small scale and scaled-up system
are constant.

Two systems of different size are kinematical-
ly similar, when in addition to the systems being
geometrically similar, the ratio of velocities be-
tween corresponding points in the two systems
are equal. Two systems of different size are dy-
namically similar when in addition to the systems
being geometrically and kinematically similar, the
ratio of forces between corresponding points in the
two systems are equal.

2.2.2 Similarity criteria
There are two general methods of arriving at
similarity criteria:

A) When the differential equations or in general
the equations, that govern the behaviour of the
system are known, they can be transformed in-
to dimensionless forms.

B} When differential equaticns or in general equa-
tions, that govern the behavior of a system are
not known, such similarity criteria can be de-
rived by means of dimensional analysis.

Both methods yield dimensionless groups my,
m, etc., which correspond to dimensionless
numbers, e. g. REYNOLDS number Re, FROUDE
number Fr, NUSSELT number Nu, SHERWOGCD num-
ber Sh, SCHMIDT number Sc etc. (5, 7).

The classical principle of similarity can then be
expressed by an equation of the form:

ty=Flym .. ) @

This equation may be a mechanistic one (case
A) or an empirical one {case B}:

A) m, = e "2 with the dimensionless groups:
P (x)

W = P{x) = pressure atlevelx

Po above sea level (x = 0)
Py = pressureatx =20
E(x)
T[; ==

&7 BT
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E(x} = M:g-x=molarpotential energy

M = molecular weight

g = specific gravity

X = heightabove sea level

RT = molarkinetic energy

B) i, = andnf (5)

The unknown parameters a, b, ¢ are usually
determined by non-linear regression calculus.

2.2.3 BUCKINGHAM's theorem

For a correct dimensional analysis it is neces-
sary to consider BUCKINGHAM's theorem which
may be stated as follows (8, 9):

1. The solution to every dimensionally homogene-
ous physical equation has the form F (m;, mp,
@z .. ) =0, in which my, mp, w5 . . . represent a
complete set of dimensionless groups of the
variables and the dimensional constants of the
equation.

2. If an equation contains n separate variables and
dimensional constants, and these are given
dimensional formules in terms of m primary
quantities (dimensions), the number of dimen-
sionless groups in a complete set is (n — m).

3 Scale-up and monitoring of the

wet granulation process

(high speed mixer)

3.1 Dimensionless groups

As the behavior of the wet granulation process
cannot be described so far adequately by mathe-
matical equations, the dimensionless groups have
to be determined by a dimensional analysis. For
this reason the following idealized behaviour of the
granulation process in the high speed mixer is
assumed:

e the particles are fluidized

e the interacting particles have similar physical
properties _

e there is only a short range particle — particle
interaction

e thereis no system property equivalent to viscos-
ity (i. e. a) there are no long range particle — par-
ticle interactions and b} the viscosity of the dis-
persion medium air is negligible)
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According to BUCKINGHAM's theorem the
following dimensicnless groups can be identified:

74 = —z—— Power number
=~ wp
T Q_t Specific amount of granulation
27 vp  liquid
g l Fraction of volume loaded
37 v+ with particles
= me ro®  FROUDE number
47 g (Centrifugal/gravitational energy)
- ' Geometric number
57 4 (ratio of characteristic lengths)

List of symbols:

P = Powerconsumption

r = Radius of the rotating blade

w = Angular velocity

p = Specific density of the particles

g = Amount of granulating liquid added
per unit time

t = Processtime

V = Volume loaded with particles

V* = Capacity of the mixer vessel

g = Gravitational acceleration
Second characteristic length of the mixer

o
Il

In principle the following scale-up equation
could be established:

M

In general, however, it may not be the primary
goal to know exactly the empirical parameters a, b,
¢, d, e of the process under investigation, but to
check or monitor pragmatically the behavior of the
dimensionless groups (process variables, dimen-
sionless constants) in the small and large scale

equipment. The ultimate goal would be to identify
scale-up invariables.

Power I
Mixer consumption [ XCompensator|
meter I

Plotter

Fig. 2 Block diagram of measuring equipment

Power consumption [W]

Se Ss

|
|
1
[
[
I

|
Granulating liquid [% or kgl
or time [t]

Fig. 3 Division of a power consumption curve

4 Experimental evidence
for scale-up invariables

4.1 Conventional wet granulation process

In the case of conventional wet granulation,
the granulation process can be easily monitored by
the determination of the power consumption (4,
10, 11, 12) (Fig. 2).

The typical power profile consists of five dif-
ferent phases (Fig. 3). Usable granulates can be
produced in a conventional way only within the pla-
teau region S;—S, according to the nomenclature
in Figure 3. As Figure 4 indicates, changing the type
of mixer has only a slight effect on the phases of
the kneading process.

However, the actual power consumption of
mixers of different type, differs greatly for a given
granulate composition.

The impoertant point is now, that the power
consumption profile as defined by the parameters

& wﬁ'ﬁ\‘?
g O] ,‘, \

%

| Power consumption [W]

|

—
Start addition of
granulating liquid

6 & 10 12 % ® B 20 22 24 26 28 30
Granulating liquid [%]

2 4

Fig. 4 Power consumption curves of two types of
mixer
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Granulating liquid [kg)

10 20 30 L0

50
batch size [kgl

ts with identical

Fig. 5 Scale-up precision m
charges

S3, S, Sg is independent of the batch size. For this
investigation mixers of the planetary type (DOMINI-
Cl, GLEN, MOLTENI) were used. The batch size ran-
ged from 3.75 kg up to 60 kg. To obtain precise
scale-up measurements the excipients which were
used, belonged to identical lots of primary material
(10% (W/W) comn starch, 4% (W/W) polyvinylpyr-
rolidone as binder, and 86% (W/W) lactose). As
can be seen from Figure 5 the amount of granula-
ting liquid is linearly dependent on the batch size.
During the scale-up exercise the rate of addition of
the granulation liquid was enhanced in proportion
to the larger batch size. Thus the power profile,
which was plotted on the chart recorder showed
the characteristic S;, S,, Sg — values independent
of batch size within the same amount of time since
the start of the addition of granulation liquid. This

Collette -gral 751

Peak detection

Power consumption (kW]

05 Level detection

Granulating liquid

Sy ' [kg)

Fig. 6 Power-consumption profile of a high-speed mix-
er (COLLETTE-GRAL 75 ) with peak and level detection (4)
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fact is not surprising as in terms of scale-up theory,
the functional dependencies of the dimensionless
group numbers m; and m, were measured (com-
pare section 3.1):

my = F (7))

The other numbers ms, 7, 75 were kept
essentially constant. From these findings one can
conclude that the correct amount of granulating
liquid per amount of particles to be granulated is a
scale-up invariable (7). It is necessary, however, to
mention that during this scale-up exercise only a
low-viscous granulating liquid was used. The exact
behavior of a granulation process using high-
viscous binders and different batch sizes is un-
known.

4.2 Granulation with a high-speed mixer

(COLLETTE-GRAL, LODIGE etc)

The granulation process can be monitored by
means of measuring the power consumption pro-
file. This “"fingerprint’-information may be part of a
batch record and is useful for validation and quality
assurance purposes. It is interesting that the power
consumption profile of a given granulate composi-

Peak detection
[coarse material)

z 4 Peak detection
z |
g 7r Differentiated signal e
= Change mixer | |
£ i speed 11/1 and A
a2 6 It gtgrt reset of Peak
§ H / ar Detector Stop of
! i 3 pump
g 5r i r
g i i
(o] ) I
L i i
L BLS| W i\

Composition A
3| coarse active substance B
21% (WIW)<125 pm

batch size 26,3 kg

mixer/gran. speed
T

U‘IZ !L.l‘?.té 10 12 tlmin]

premixing | addition of | addition of water
high viscose | ca.1,2 kg
binder * (~200 ml min-Y)

corn starch ca. 7kg
(~20 % W/W solution)

Fig. 7 Power consumption profile (coarse material, high
viscous binder added manually with subsequent finetuning of the
amount of granulating liquid)
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2
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7r Stop pump

6r Level detection 6kW
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)
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1/0

0 2 4 6 & 10 12 1 timin
premixing | addition of | addition of water

high viscose | ca. 3kg

binder [~500 ml min)

Fig. 8 Power consumption profile (fine material, high vis-
cous binder added manually with subsequent finetuning of the
amount of granulating liquid)

tion in a high-speed mixer is very similar to one ob-
tained by means of a planetary mixer {Fig. 6). The
power consumption meter developed by SANDOZ
laboratories can be used to control and determine
the necessary amount of granulating liquid. Essen-
tially there are two possibilities (12):

1. the pezk detection method
2. the level (threshold) detection method

The first method uses the differentiated signal
of the power consumption profile. The peak which
can be identified on Figure 6, describes the
steepest ascent of the power consumption during
the second phase {compare Fig. 3). Because of the
electronic time constant of the control unit, the
peak represents quite well the starting point of the
plateau region, i. e. the parameter S,. It is known
from experience that within this plateau-region
usable granulates can be produced (4). Measure-
ments with low viscous binders have shown that
the parameter Sy is a scale-up invariable.

In case of the second methed, a threshold
level of the absolute power consumption is
switching-off the granulaticn process. It is clear
that this absolute amount of power consumption is
a function of batch size and of the type of the mixer
used. Thus, it is necessary to adapt empirically the
threshold level of the power consumption to the

Fig. 9 Power consumption profile (fine material, increased
speed of the pump, power level threshold detection mode)

batch size and to the mixer. Again the power con-
sumption profile can be used as a ““fingerprint” in-
formation for the batch record.

4.3 Experience with a high-viscous binder

So far another important dimensionless group
ng = d/d;, i. e. the ratio of the characteristic
dimension d; of the starting material and d; of the fi-
nal granulate was not considered. For quality assur-
ance purposes it is important to know the behavior
of this dimensionless group variable with reference
to the final quality of the granulate. To quantify the
influence of stz on w; (power consumption) and s,
{amount of granulating liquid) the other dimension-
less groups were kept constant. Thus the experi-
ment was done with batches of equal size in the
same high-speed mixer (LODIGE 125 I). The fine-
ness of the active substance B in the composition
A differed for the two batches as follows: batch I
21% (W/W) < 125 wm and batch [l 35% (W/W) <
125 um. In addition the assumption was made that
the level of power consumption describing the cor-
rect e. g. “snow ball consistency” of the granule-
ting material is the same for both batches. After a
dry premixing phase an identical amount of high
viscous binder was added manually to both
batches. In order to “finetune’ the exact amount of
granulating liguid necessary, demineralized water
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was added by a pump (ca. 200 ml min~'). The
pump stopped as soon as the peak detector be-
came active (Fig. 7, 8). The important point is that
the additional amount of demineralized water to
finetune the necessary amount of granulating liquid
differs by a factor of 2.b! Thus there are different
mo-values of granulating liquid but similar s, -values
of the power consumption at switch-off time. As a
consequence, equivalent results were obtained
using the power level detection method where the
threshold level was set to 6 kW. To shorten the
process time the pump speed was set to 500 ml
min~" (Fig. 9). The same composition and batch-
size were used. This result leads to a still open
question which might be worth further discussions
and investigations:

Is a reasonably normalized power consump-
tion number mty, €. 9. ;¥ = Wy /g 0. €.y = PVF/
r°w? Vp the very scale-up invariable of choice?

An affirmative answer indeed would mean that
the scale-up of the granulation process should be
done by means of process monitoring using power
input measurement for endpoint determination.
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