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A B S T R A C T

Roll compaction/ dry granulation is gaining importance. Numerous papers have been published and many
attempts to model the process are available in the meantime. Johanson published a model in 1965, which is
the basis for many further modifications until today. The aim of the paper is to improve process understand-
ing in roll compaction, which can be used to setup a roll compaction process, to design a scale-up strategy or
to help in process transfer between different types of roll compactors. Based on some assumptions, simple
considerations help to estimate a required densification factor and to visualize the relations between roll
diameter, gap width and nip angle. Two recently published papers based on simplified Johansen models are
used to visualize the relations between specific compaction force and the maximal pressure experienced by
the material. The influence of roll diameter, gap width and compressibility constant are discussed. This helps
to estimate, if a scale-up or process transfer is reasonable. The recently introduced dimensionless Midoux-
number can also be used to design scale-up or process transfer of roll compaction without knowledge about
the maximal pressure. Exploring the simple concepts can help to improve process understanding even with-
out a background in engineering.
© 2021 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Compared with wet granulation, roll compaction/ dry granulation
(RCDG) is less complicated saving time and costs.1 Due to improve-
ments in machine design and process control in the past decades,
RCDG is nowadays no longer only used for water or heat sensitive
APIs, but has become a standard technique in pharmaceutical
manufacturing.2

In RC, a starting material is fed to a zone with two counterrotating
rolls (Fig. 1). The starting density is between its untapped bulk den-
sity and tapped bulk density. There is a density gradient towards the
closest distance between the two rolls, the gap width (S). When the
material is in contact with the rolls, several regions can be distin-
guished: in the slip zone the speed of the rolls is higher than the
speed of the material. Due to increasing friction between the material
and the rolls, which is related to increasing density, the material
starts at a certain point to move with the same speed as the roll speed
in the nip zone. The nip angle (a) separates the slip zone and the nip
zone. A pre-densification takes place in the slip zone, but the main
densification happens in the nip zone. Many models assume that
velocity of the material in the nip zone is uniform span-wise, i.e. the
mass flow between the rolls is constant along the axis perpendicular
to the rolls.3,4 With this assumption, a densification factor (DF) can be
defined as the ratio of N/S (Fig. 1), where N is the nip width. The pro-
duced ribbon increases in thickness due to elastic recovery in the exit
zone after passing the gap.5 Thus, the ribbon thickness (T) exceeds
the gap width in many cases.

The assumption of a uniform velocity is not strictly correct.6,7 The
velocity of the material transport is not uniform span-wise between
the two rolls in the nip zone. However, in a controlled state during
production, the non-homogeneous flow does not limit the following
considerations and is ignored. Furthermore, the elastic recovery is
ignored, which is of importance in predicting ribbon densities.5 Since
a constant elastic recovery for a material can be expected at constant
stress, this factor can be ignored for scale-up or process transfer.

The following considerations use the roll width just for calculating
the specific compaction force (SCF in kN/cm), which is the compac-
tion force divided by the roll width. Other effects of the roll width are
not considered.8 The roll speed, which can affect Pmax

9,10 or elastic
recovery, is ignored in the context of this paper. Another simplifica-
tion is the use of a mean solid fraction (SF) or porosity (e) of ribbons.
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Figure 1. scheme of roll compaction with D: roll diameter, N: nip width, S: gap width,
T: ribbon thickness, a: nip angle.
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In reality, ribbons have a spatial distribution of SF or e.11,12 Again, the
simplification is not relevant for the basic considerations in this
paper. The type and quality of the sealing system is not taken into
account. Several of the neglected factors are discussed in more detail
by Michrafy et al.13

SF ¼ rbulk=particle

rtrue
¼ 1� e ðeq: 1Þ

SF is the ratio of a bulk density or particle density to the true den-
sity of the material Equation (1). If the porosity is zero, SF is 1. SFgap is
the ratio of the density of the material in the gap to the true density,
SFribbon the ratio of ribbon density after elastic recovery to the true
density of the material. The SFribbon is an intermediate CQA of ribbons,
since it affects the granule size distribution, granule SF, flowability
and tabletability among others. Thus, a common goal in RCDG is to
keep the SFribbon constant over time.14 Achieving a constant SFribbon is
also an issue in scale-up or in process transfer to another type of roll
compactor. Due to elastic recovery, SFribbon � SFgap. In the following,
SFgap is considered.

Roll compactors on the market can be divided in systems with
fixed gap width, where both rolls have a fixed position, and variable
gap width, where only one roll is fixed (master roll) and the second
one is movable (slave roll). The SCF in fixed gap systems is a result of
the screw speed of the feeding and/or tamping screw and the roll
speed. Fluctuations in the feed rate at constant roll speed will auto-
matically result in fluctuations in SCF and consequently in SFgap. The
feeding system is crucial in achieving a constant feed rate. One main
aim of granulation is the improvement of flowability. Therefore, the
starting materials often have poor flowability, which makes constant
dosing difficult. Changes in SCF, which result from fluctuations in
feed rate in fixed gap systems, are crucial for SFgap.

When using a variable gap system, SCF can be held constant in
case of variable feed rates by a fast controller: in case of overfeeding,
the gap opens and vice versa. The varying gap width is also influenc-
ing SFgap, but to a much smaller extent than variable SCF. Thus, the
variable gap systems possess a huge advantage. Modern roll compac-
tors go even a step further. By introducing a second controller, which
is slower than the controller of the SCF, it is possible to keep both,
SCF and gap width, constant. The second controller adapts the feed-
ing and/ or tamping screw speed in order to keep the gap width con-
stant. This is called “gap control”, which is implemented in several
modern roll compactors. Depending on the type of control system,
the independent and dependent variables differ: In a fixed gap sys-
tem, the screw speed and roll speed are independent and the SCF is
variable. In a force controlled variable gap system, the screw speed
and the SCF are independent, the roll speed is fixed and the gap width
is variable. In a gap-controlled system, SCF and gap width are inde-
pendent, the roll speed is fixed and the screw speed is variable. This
distinction is important when comparing articles about roll compac-
tion, because the conclusion depend on the type of the used system.

Some equipment providers offer roll compactors with different
roll diameters and roll widths. Others have only machines with the
same roll diameter, but different roll width. Since a change in roll
diameter is relevant for the selection of process parameters (see
below), a scale-up is easier for machines with the same roll diameter,
but different roll width.

There are several approaches for scale-up or process transfer
available, either based on mechanistic models,8,15-21 statistical
approaches22 or hybrid modeling.23 The aim of the paper is to
describe some basic relations between important variables in RC
including machine variables like D, process variables like SCF and S,
material variables and resulting variables like SFribbon, nip angle or
DF. After starting with some geometric considerations two recently
published simplified models24,25 are used to visualize the relations.
This is a brief supplement to the studies already published.

Estimation of DF

It is useful to have an idea about the required DF in order to design
a roll compaction process. DF can be estimated by using SF of the
starting material and the ribbon. The use of SF allows a material inde-
pendent comparison of the changes during densification. A first sug-
gestion is to express the untapped or tapped bulk density of the
starting material as SFbulk, because the density at the point of entry to
the nip zone is expected to be in this range. A common recommenda-
tion is that SFribbon is in the range of 0.6-0.8.26 If the target SFribbon
and the range of SFbulk are known, a range for the required DF can be
estimated Equation (2):

DF ¼ SFribbon
SFbulk

� SFgap
SFbulk

ðeq: 2Þ

Bulk, tapped and true densities can be measured easily or taken
from suppliers of materials in order to calculate SFbulk. SFbulk for
microcrystalline cellulose is in a range of 0.15−0.3. If the target SFrib-
bon is 0.6 in this case, DF is in the range of 2−4. Untapped SFbulk for a
lactose may be 0.43 and tapped SFbulk 0.6. If the target SFribbon is 0.8,
the range for DF is 1.3 to 1.9. The untapped bulk SF of a calcium phos-
phate may be 0.27. A DF of 3 is required to achieve a SFribbon of 0.8.

If the target SFribbon is in the range of 0.6−0.8 and the DF is 5, the
SFbulk of the starting material is in the range of 0.12−0.16, which is
quite low. Thus, a DF higher than 5 or 6 is usually not expected. On
the other hand, if the SFbulk of the starting material is already 0.5, the
maximal achievable DF is 2.

In a RC process, SFgap can be estimated from the material density
at gap (rgap). For this purpose, the mass of ribbons can be determined
by collecting the ribbons on a balance, e.g. for a minute. In steady
state the mass flow should be constant. The volume, which is passing
the gap, e.g. during one minute, can be calculated by Equation (3).3

V ¼ S ¢W ¢p ¢ Dþ S
2

� �
¢RS ¢ t ðeq: 3Þ

withW=roll width, RS=roll speed in RPM and t=time in min.
The use of (estimated) SFs of the starting material and the ribbon

allows easily an estimation of the required DF.

Densification Factor and Nip Angle

Taking the assumptions mentioned in the Introduction into
account, the densification factor and the nip angle (Fig. 1) are related.
cos(a) can be derived from geometric considerations Equation (4).23

This allows the calculation of N Equation (5), which is used for calcu-
lating DF Equation (6).3 At the same time DF is the ratio of SF in the
gap and SF at nip angle.



Figure 2. relation between DF and nip angle depending on roll diameter for a gap
width of 2 mm.

Figure 4. relation between DF and nip angle depending on gap width; a) roll diameter
100 mm, b) roll diameter 250 mm.
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cosa ¼ Dþ S � N
D

ðeq: 4Þ

N ¼ Dþ S� D ¢ cosa ðeq: 5Þ

DF ¼ N
S
¼ Dþ S � D ¢ cosa

S
¼ SFS

SFa
ðeq: 6Þ

The nip angle is influenced by the roll diameter, the gap width and
the densification factor. A higher DF is related to a higher nip angle at
constant gap width and roll diameter (Figs. 1, 2, 4). Assuming a constant
density at the nip angle, more material has to be compressed to reach a
higher DF at constant gap width, thus N and amust be higher.

Figure 2 shows the relation between DF and nip angle depending
on the roll diameter. If the required DF is known, the nip angle can be
calculated for a given roll diameter at a specific gap width. Roll diam-
eters of 50 mm to 300 mm are common for pharmaceutical purposes.
The larger the roll diameter is, the smaller is the nip angle for a given
DF and gap width. The influence of roll diameter is especially high for
rolls with diameters � 100 mm. At a gap width of 2 mm, the range of
nip angles for DF from 2 to 4 is 7° to 28°. High nip angles are more dif-
ficult to achieve, which explains why RC is often easier to perform on
roll compactors with larger roll diameters.

The nip width for a small roll diameter (N’) is lower than the nip
width for a larger roll diameter (N) for a given nip angle (Fig. 3). Thus,
N’/S < N/S, since S is constant. DF is lower for a small roll diameter at
constant gap width and nip angle. In contrast, the nip angle for a
small roll diameter has to be higher in order to keep DF constant at
constant gap width (Fig. 2).

Figure 4 shows the relation between DF and nip angle depending
on the gap width. If the required DF is known, the nip angle can be
Figure 3. reducing the roll diameter at constant nip angle and constant gap width
results in a decrease of DF.
calculated for a given gap width at a specific roll diameter. Gap
widths of 0.5 mm to 6 mm are possible and 2 mm to 4 mm are com-
mon for pharmaceutical purposes. The larger the gap width is, the
higher is the nip angle for a given DF and roll diameter. The influence
of a change in gap width is especially high for small gaps. The range
of nip angles for DF from 2 to 4 is 5° to 22° for 250 mm roll diameter.

Since N/S > (N+D)/(S+ D), a higher gap width results in a lower DF
at constant roll diameter and nip angle (Fig. 5). E.g. if N is 3 and S is 2
and D is 1, 3/2 = 1.5 > 1.33 = (3+1)/(2+1) = 4/3. The nip angle must
increase when opening the gap to keep DF constant.

Since high nip angles are more difficult to achieve at the begin-
ning of a RC process for some materials, it can be recommended in
these cases to use a small gap width in the beginning and then open
the gap during the process. Due to the low nip angle at low gap width
in the beginning, the process can start and a ribbon is produced. By
opening the gap during the process, the process is not interrupted
and the nip angle will increase.

So far, the calculations are material independent and just based on
geometric considerations. They allow a rough estimation of the
required process. They are relevant, if the process is transferred
between roll compactors of different diameters or if the gap width is
opened in order to achieve a higher throughput. The nip angle will
change, if the target DF has to be kept constant.
Applying the Simplified Johanson Model After So et al. (24)

General Considerations

In the context of improving process understanding, some qualita-
tive relationships should be elucidated. The focus is not on absolute
Figure 5. increasing gap width at constant nip angle and constant roll diameter results
in a decrease of DF.



Figure 6. pressure-angle relationship (D=250 mm, S=2 mm, K=5).
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values, but on illustrating relations between equipment variables like
roll diameter, process variables like SCF, gap width and material vari-
ables like compressibility constant (K). K is the slope in a lnr-lnP dia-
gram in uniaxial compression. A rough estimation of reasonable
values helps to improve process understanding. This can be used in
the context of scale-up and process transfer between different roll
compactors. Therefore, simplified models are used to make the
required calculations easy for everybody.

Johanson27 published a model for the roll compaction of granular
materials. The granular material was considered compressible and
cohesive in a continuous model. The granular material is described
by the internal friction angle, the wall friction angle and the com-
pressibility constant (K). Many authors developed the model further
and made modifications.4,9,18,21,28-30 The original model and the
modifications have merits.

Recently, So et al.24 proposed a simplified Johanson’s model,
which can assist process understanding without using complicated
methods. The relation between SCF and the maximum pressure expe-
rienced by the material in roll compaction (Pmax), is analyzed. Fur-
thermore, the SCF-SF relationship can be obtained. The authors
discovered that above a certain wall friction angle, the SCF-Pmax rela-
tionship becomes insensitive to both friction angles. The compress-
ibility constant is the only material property left (e.g. MCC: 3.1,
mannitol 7.3, dicalcium phosphate anhydrate: 13.0). The simplified
model allows to calculate the SCF-Pmax and the SCF-SF relationship
for any given roll geometry, if the compressibility constant of the
material is known.

To compensate a span-wise velocity gradient, the authors imple-
mented a mass correction factor (f), which was fixed to 1.03 accord-
ing to the performed measurements. Following Bi et al.29, the
correction factor was presented outside the integral.

Pu ¼ Pmax ¢
S
D

1þ S
D � cos u

� �
cos u

" #K

cos u ðeq: 7Þ

SCF ¼ Pmax ¢D
2

¢ f K ¢
Zu¼20B

u¼0

S
D

1þ S
D � cos u

� �
cos u

" #K

cos ud u ðeq: 8Þ

with f = correction factor (f = 1.03), K = compressibility constant, S =
gap width and D = roll diameter.

The correction factor of 1.03 was used for the shown figures. This
correction factor is based on limited results and may be corrected in
the future. A correction will change the absolute values, but the
trends and relations are not affected.

Assuming a certain Pmax, a pressure-angle curve can be calculated
according to Equation (7) for constant values of D, S and K. SCF can be
calculated according Equation (8), which requires the integration of
the pressure angle curve. So et al.24 recommend an integration for
angles in the range of 0° to 20°. Since SCF is used as a parameter in
the RC process, Pmax is not immediately known. Some roll compactors
show a pressure instead of SCF, but this is a hydraulic pressure and
should not be confused with Pmax.

The (critical) nip angle was defined by So et al.24 as the angle,
where 95% of the area under the pressure-angle curve is achieved
(Fig. 6). In the following, a different proposal is used: The nip angle is
the angle, where the pressure drops below 2 MPa. This helps to iden-
tify the influence of Pmax and SCF on nip angle. The original proposal
of 95% of the area is less sensitive to these effects. The nip angle in
Figure 6 is 9.0° according to the new definition.

Lower wall friction angles lead to lower nip angles. This is the rea-
son for higher Pmax values for a specific SCF. Pmax has to be higher at
low nip angle to keep SCF (» area under the pressure-angle curve)
constant. The most efficient way to increase the nip angle is to
increase the wall friction. The use of rolls with a textured surface
instead of a polished, smooth roll is a common way to increase the
wall friction angle. So et al.24 claim that a critical wall friction angle of
22° is exceeded when using knurled rolls, which enables the applica-
tion of the simplified model.

For a detailed description of the simplified model the reader is
referred to So et al.24 Some relations can be visualized by applying
this simplified model.

Relation Pressure-Angle

Figure 7: a) influence of roll diameter on the pressure-angle rela-
tion at constant Pmax, S and K; b) influence of gap width on the pres-
sure-angle relation at constant Pmax, D and K; c) influence of
compressibility constant on the pressure-angle relation at constant
Pmax, D and S

The curves in Figure 7 always have the same Pmax, but vary in roll
diameter (Fig. 7a), gap width (Fig. 7b) or compressibility constant
(Fig. 7c). The pressure drop is steeper for small gaps, large roll diame-
ters and higher compressibility constants. A steeper pressure drop is
associated with a lower nip angle. Achieving the same pressure
requires a lower gap width or a higher roll diameter. Materials with a
higher compressibility constant show lower nip angle. Since materi-
als with a low compressibility constant like microcrystalline cellulose
show a high nip angle, the process start can be more complicated in
these cases. As recommended earlier, starting with a smaller gap −
associated with a smaller nip angle − can help to produce a ribbon;
then the gap can be opened during the process to the target value.

Relation SCF-Pmax

The applied SCF translates to a Pmax in a certain roll compaction
process. This relation is dependent on different variables. Gap width,
roll diameter and compressibility constant all have a high influence
on the relation between SCF and Pmax. With increasing roll diameter
(Fig. 8a), increasing gap width (Fig. 8b) and a lower compressibility
constant (Fig. 8c), a higher SCF is required to achieve the same Pmax.
At a constant SCF, Pmax increases with decreasing gap width, decreas-
ing roll diameter and increasing compressibility constant.

Most roll compactors have a limit for SCFs of maximal 20 kN/cm.
Figure 8 allows a rough estimation, which Pmax can realistically
achieved for some combinations of D, S and K. Other combinations
can be calculated using Equations (7) and (8).



Figure 7. a) influence of gap width on the pressure-angle relation at constant Pmax, D and K; b) influence of roll diameter on the pressure-angle relation at constant Pmax, S and K; c)
influence of compressibility constant on the pressure-angle relation at constant Pmax, D and S.

Figure 8. a) influence of roll diameter on the relation between SCF and Pmax (S=2 mm, K=5), b) influence of gap width on the relation between SCF and Pmax (D=250 mm, K=5), c)
influence of compressibility constant on the relation between SCF and Pmax (D=250 mm, S=2 mm).
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Relation Pmax-DF and SCF-DF

Figure 9 illustrates the relation between SCF or Pmax and DF. DF
raises with increasing SCF or Pmax at constant values for D, S and K.

Changing the roll diameter has a marginal influence on DF at con-
stant Pmax (Fig. 9a), but a high influence at constant SCF (Fig. 9b). At
constant SCF, DF is lower for large roll diameter. For roll diameters
between 100 mm and 300 mm the effect of roll diameter on the
Pmax-DF relationship is negligible; the effect is relevant only for lower
roll diameters. A desired DF can be achieved within narrow limits, if
Pmax is held constant, but not at constant SCF. Therefore, it is recom-
mended to keep Pmax constant15,18,20 in scale-up or process transfer.
However, Pmax cannot be chosen directly in the process.

Similar observations can be made for a change in gap width. The
influence on the Pmax-DF relationship (Fig. 9c) is much less than for
the SCF-DF relationship (Fig. 9d). A constant SCF results in lower DF
at larger gap width. Again, for scale-up by increasing the gap width,
Pmax should be kept constant rather than SCF.
Figure 9. influence of roll diameter on the relation between a) Pmax and DF, b) SCF and DF, in
compressibility constant on the relation between e) Pmax and DF, e) SCF and DF
Materials or formulations with different compressibility constants
influence both relations of Pmax-DF and SCF-DF (Fig. 9e,f). For each
formulation a suitable setting has to be established. Knowing the
compressibility constant, values of SCF or Pmax can be estimated
based on experience with other materials. A certain Pmax or SCF
results in a higher DF for materials with lower compressibility con-
stant.

Relation Pmax-Nip Angle and SCF-Nip Angle

A higher Pmax or SCF leads to a higher nip angle (Fig. 10). Since the
DF raises with Pmax or SCF and since DF and nip angle are related
(Fig. 4), the nip angle is higher for large values of Pmax and SCF.
Decreasing the roll diameter, increasing the gap width or decreasing
the compressibility constant lead to larger nip angles at a certain
Pmax or SCF. This was illustrated in Figure 7 for a Pmax of 200 MPa.
Similar relations are seen for other values of Pmax. Changes in roll
diameter or gap width are related with different nip angles. Because
fluence of gap width on the relation between c) Pmax and DF, d) SCF and DF, influence of



Figure 10. influence of roll diameter on the relation between a) Pmax and nip angle, b) SCF and nip angle (S=2 mm, K=5), influence of gap width on the relation between c) Pmax and
nip angle, d) SCF and nip angle (D=250 mm, K=5), influence of compressibility constant on the relation between e) Pmax and nip angle, f) SCF and nip angle (D=250 mm, S=2).
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the feed of the material between the rolls is more difficult at high nip
angles, the gap can be closed to start a process and then opened to
run the process at the desired gap width.

In summary, the simplified model of So et al.24 helps to under-
stand relations in RC processes and helps to design these processes.
The authors have performed an experimental verification of the
model by using three excipients with values for K between 3 and 13.
An overprediction of Pmax was compensated by introducing a correc-
tion factor Equation (8). The authors proposed to build a “Virtual Roll
Compactor”. By entering the known variables D, S and K, the resulting
values for Pmax and SFribbon are calculated. This facilitates the setup of
a RC process or the transfer to a different roll compactor.
Applying the Midoux number

Sousa et al.25 proposed a dimensionless number, called Midoux
number (Mi), to assist process transfer and scale-up. The starting
point is again the model of Johanson.27 The authors derive a model,
which does not require the internal friction angle and the wall fric-
tion angle. This is in line with the thin-layer model derived from uni-
axial compression.3 Further simplifications were made, which lead to
errors below 5% for K > 3.5 and DF > 2. These limits are valid for
many materials and RC processes. Finally, the authors estimate the
stress in the gap (sS) by Equation (10). The stress at the nip angle is
unknown, and is assumed to be 2 MPa in the following calculations.

sS

sa
¼ rS

ra

� �K

¼ DFK ðeq: 9Þ
Figure 11. Results for “Midoux pairs” of D [mm]/S [mm] (legend) with constant product D ¢ S
SCF and nip angle.
sS � 2SCF
D

ffiffiffiffiffiffiffiffiffiffiffiffi
2K
pS=D

s
ðeq: 10Þ

The authors applied Equation (10) in Equation (9) to yield the
dimensionless Midoux number Equation (11). Mi can be used for a
first approximation how Pmax is influenced by SCF, D, S and K.

Mi ¼ 2SCF
Dsa

ffiffiffiffiffiffiffiffiffiffiffiffi
2K
pS=D

s
¼ DFK ðeq: 11Þ

Mi can be used for process transfer and scale-up. Keeping Mi con-
stant, when changing roll diameter and/or gap width results in the
same densification factor. For a specific material, K can be neglected
and the process parameters should be adjusted in a way that Mi is
constant. This is achieved by keeping SCF

ffiffiffiffi
1
SD

q
constant. This can be

used to keep SFgap constant when changing the equipment. For a
detailed description of the simplified model the reader is referred to
Sousa et al.25

When using the concept of keeping SCF
ffiffiffiffi
1
SD

q
constant for a given

material, it can be recommended to keep the product of roll diameter
and gap width constant in order to get the same SCF and Pmax when
changing the roll diameter. Figure 11a illustrates this for “Midoux
pairs” with constant product of D and S. Changing the roll diameter
from 100 mm to 300 mm by adapting the gap width leads to constant
relation between SCF and Pmax. If the gap width is not adjusted, SCF
varies for a given Pmax by changing the roll diameter (Fig. 8a). The DF
varies in a small range for a constant Pmax (Fig. 11b). This is similar to
a change in diameter without adapting the gap width (Fig. 9d). The
: a) relation between SCF and Pmax, b) relation between SCF and DF, c) relation between



Figure 12. a) relation between SCF and Pmax for D=250 mm, K=5 and S=1-6 mm (legend), b) relation between Pmax and Mi factor ðSCF ¢ ffiffiffi
1

p
=SÞ, c) relation between Mi factor and DF.
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approach helps to design a scale-up regarding the roll diameter. The
nip angle is not constant for the “Midoux pairs” (Fig. 11c), which can
be expected due to the dependency on D and S.

If the gap is changed for a given roll compactor (= constant D), SCF
will vary for a constant Pmax (Fig. 12a). In order to calculate the appro-
priate SCF for a change in gap width, the simplified Mi factor ðSCF ¢ ffiffiffi

1
p

=SÞ can be calculated. The relation between the Mi factor and Pmax is
unique (Fig. 12b) and DF shows only minor variations for a nearly
constant Mi factor (Fig. 12c). Thus, an adjustment of SCF for a change
in gap width can be calculated by the Mi factor.

A simultaneous change in roll diameter and gap width can also be
handled by this concept. This provides an easy approach for a starting
point of validating experiments.

Sousa et al.25 have shown results for different formulations and
ranges for D from 120 mm to 250 mm, for S from 2 mm to 4 mm and
for SCF from 2.1 kN/cm to 16 kN/cm. A good correlation between the
Mi number and DF was found across all settings. DF varied in the
range of 1.8 to 3.2. This approach is helpful in designing a process
and for scale-up and process transfer.
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