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Abstract 

Granule breakage is an important rate process in wet granulation that promotes product 

uniformity and controls product size and strength. In this work, a model to predict granule 

breakage is proposed and experimentally validated. The model assumes exponential of the 

surviving granules, dependent on a probability of breakage; a function of powder and binder 

properties, as well as operating parameters. Validation experiments were performed with a 

breakage-only granulator, filled with cohesive, non-granulating sand. Premade pellets made 

from lactose monohydrate and silicone oils were granulated at several impeller speeds, and the 

number of survivors was observed over time. The results revealed that the number of granules 

did indeed decay exponentially. It was found that the overall probability of breakage was 

inversely proportional to the capillary number. Moreover, the pore saturation played an 

important role in determining the probability of breakage, with higher pore saturations reducing 

breakage overall. A comparison with experimental data from literature revealed that the 

developed models agrees qualitatively with the experimental data, but is unable to fully capture 

the effect of powder properties and powder-binder interaction. 
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1 Introduction 

Granulation is defined as the formation of agglomerates by agitation of smaller particles [1]. 

Using such agglomerates offers many advantages over using the raw materials. For instance, 

the handling, metering and dosing are improved [2], and the risk of dust explosions is greatly 

reduced [3]. This method of size enlargement can be achieved in several ways. In wet 

granulation, particles are agglomerated by mixing with a liquid binder. Agitation can be 

achieved using various types of equipment including tumbling drums, fluidised beds, and high-

shear mixers. Because the use of granulated materials is preferred over the use of powder, 

granulation is widely applied in industries that deal with powder materials, such as the 

pharmaceutical industry [4]. Despite the wide application of granulation and over 60 years of 

research [4], however, most mechanisms of granulation are poorly understood due to the 

complexity of the process [5]. This is true for high-shear granulation in particular [6]. 

Three key mechanisms are discerned in wet granulation: wetting and nucleation; consolidation 

and growth; and breakage and attrition [4]. These mechanisms describe the formation, growth 

and destruction of granules, respectively. Although wetting and nucleation and consolidation 

and growth are not fully understood, regime maps have been developed which help increase 

our understanding of these two phenomena [7-9]. For breakage and attrition, however, such 

tools are lacking, which makes it one of the least understood rate processes [5]. 

Although breakage and attrition is poorly understood, it is an important process, especially in 

high-shear wet granulation, where shear forces are more likely to damage granules compared 

to, for example, tumbling drums. Breakage promotes the distribution of liquid and homogeneity 

of the product, and can also be used for size and strength control [5, 10]. In order to predict 
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granulated product quality and resistance to wear during further processing and transport, it is 

important to understand breakage and attrition [5]. 

Vogel and Peukert [11] report an expression that describes the fracture of granules as a 

probability of breakage s, as defined in Equation 1: 

𝑠 = 1 − 𝑒𝑥𝑝 (−𝑓𝑀𝑎𝑡 ∗ 𝑥 ∗ 𝑘 ∗  (𝑊𝑚,𝑘𝑖𝑛 − 𝑊𝑚,𝑚𝑖𝑛)) (1) 

where fMat is a material parameter defining fracture behaviour of the particle, x is the particle 

size, k is the impact number, Wm,kin is the kinetic energy of the particle, and Wm,min is the 

minimum kinetic energy required for particle breakage. Vogel and Peukert successfully used 

population balance modelling, incorporating this approach to model a lab-scale mill. Their 

findings imply that breakage is subject to probabilistic phenomena and can be described with 

statistics: depending on granule properties and the operating conditions of the equipment used, 

granules have varying probability to break. 

Van den Dries et al. [12] first investigated the relationship between the breakage number of 

granules and the Stokes deformation number Stdef, which describes the deformability of 

granules [8, 9, 13], for high-shear granulation, as shown in Equation 2. 

𝑆𝑡𝑑𝑒𝑓 = 12 ∗ 𝜌𝑔 ∗ 𝑣𝑐2𝜎𝑝 (2) 

Here, ρg is the granule density, vc is the granule impact velocity, σp is the dynamic yield stress 

of the granule. They found that at low Stokes deformation numbers, damage mostly occurred 

due to attrition. At and above a critical Stokes deformation number, full breakage occurred. 
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Liu et al. [14] and Smith et al. [15] further investigated the relationship between the Stokes 

deformation number and granule breakage by developing a breakage-only granulator (BOG). 

This granulator was filled with non-granulating sand, and a fixed number of pre-formed 

granules were added. Two different impellers were used: a two-bladed bevelled edge impeller, 

and a flat plate impeller. The number of broken granules was monitored over time and related 

to the Stokes deformation number. To estimate the dynamic yield stress, a theoretical formula 

was used, as shown by Equation 3: 

𝜎𝑝 = 𝐴𝑅−4.3 ∗ 𝑆 ∗ [6 ∗ 1 − 𝜀𝜀 ∗ 𝛾 ∗ 𝑐𝑜𝑠(𝜃)𝑑3,2 + 98 ∗ (1 − 𝜀𝜀 )2 ∗ 9 ∗ 𝜋 ∗ 𝜇 ∗ 𝑣𝑝16 ∗ 𝑑3,2 ] (3) 

where AR is the shape factor of the primary particles, S is the liquid saturation of the granule, ε 

is the porosity of the granule, γ is the surface tension, θ is the powder-binder contact angle, d3,2 

is the primary particle Sauter mean diameter, μ is the binder viscosity. vp is the relative granule 

velocity, which was assumed to be 15 % of the impeller tip speed. They employed the same 

breakage/no-breakage criterion to find a critical Stokes deformation number, below which no 

breakage occurs. This theory held for the bevelled edge impeller, but was mostly qualitative for 

the flat plate impeller. This difference was partly due to the fact that the particles tested were 

not exactly the same. Although this model was successful in predicting the breakage of granules 

subjected to the required shear force, the model does not take into account the chance that 

granules will actually experience the forces required for breakage. This may be the reason why 

the model cannot predict granule breakage behaviour with a flat plate impeller. 

Akiti et al. [16] have used a breakage-only granulator to study the parameters relevant to 

breakage and attrition. The work identified increasing binder viscosity, decreasing primary 

particle size, viscosity of the medium and shear time as ways to reduce granule breakage and 
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attrition. Stronger granules were found to tend towards attrition rather than breakage, whereas 

full breakage was observed for weaker granules. Population balance studies were capable of 

predicting the effects of changes in binder viscosity, primary particle size, and shear time on 

granule breakage behaviour. 

This work aims to use the concept of breakage probability to develop a useful model to predict 

breakage behaviour using physically relevant properties of the powder-binder system and 

operating parameters. The model is based on the random distribution of granules over a 

breakage and a no-breakage zone in a mixer granulator. Two key parameters are proposed: the 

ratio between the breakage zone and the overall granulator volume, which shows how likely it 

is that a granule is in the breakage zone; and the probability of breakage, which shows how 

likely it is that a granule will actually break. The developed model is related to the granule 

properties and the operating conditions and compared to experimental and literature data. 

2 Model development 

Based on the probability of breakage in Vogel and Peukert’s work [11], we propose that a 

granule breakage a model should incorporate three different groups of parameters: the 

granulator operating parameters, the granulator shape, and the properties of the powder-binder 

system used. 

In order to incorporate these parameters, the granulator is assumed to be composed of two 

different zones. Figure 1 shows this concept for a symmetric vertical mixer. In the no-breakage 

zone, breakage does not occur; the granules are assumed to have zero probability of breakage. 

In the breakage zone, there is a possibility for breakage to occur. This probability of breakage 

is a material property of the granule, referred to as s in this work. The relative fraction of the 

granulator occupied by the breakage zone is referred to as r. This parameter should be 
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dependent on the granulator type and the operating conditions. Assuming the granules are 

distributed evenly throughout the granulator, the surviving number of granules N after a single 

impact can then be defined as shown in Equation 4: 

𝑁 = 𝑁0 ∗ (1 − (𝑟 ∗ 𝑠)) (4) 

where N0 is the initial number of granules. For multiple collision events n, this equation can be 

expanded to Equation 5: 

𝑁𝑁0 = (1 − (𝑟 ∗ 𝑠))𝑛
(5) 

Figure 1: Schematic representation of a cross section of the granulator as considered by the model, with the 

breakage and no-breakage zone. 

This equation predicts the fraction of intact granules after n impacts as a function of r and s. 

The number of impacts n is assumed to be a function of the impeller speed ω and the granulation 

time t, as well as the impeller shape factor f  (𝑛 = 𝜔 ∗ 𝑓 ∗ 𝑡). This shape factor encodes the 
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number of collision events the granules experience for a single impeller revolution; for most 

impellers, the value can be assumed to be equal to the number of impeller blades, e.g. 3 for a 

three-bladed impeller. Where this is not the case, such as for flat-plate impellers, it should be 

possible to determine the shape factor experimentally. 

assumptions allow Equation 5 to be rewritten into Equations 6 and 7: 

𝑁𝑁0 = 𝑒𝑥𝑝(𝑙𝑛(1 − (𝑟 ∗ 𝑠)) ∗ 𝜔 ∗ 𝑓 ∗ 𝑡) (6) 

𝑁𝑁0 = 𝑒𝑥𝑝(−𝑎 ∗ 𝑡) 𝑤𝑖𝑡ℎ 𝑎 = −𝑙𝑛(1 − (𝑟 ∗ 𝑠)) ∗ 𝜔 ∗ 𝑓 (7) 

Here, a is a positive lumped parameter containing the experimental and operating parameters, 

as well as the granulator properties. This equation shows that the number of intact granules 

decays exponentially, which is in agreement with experimental investigations [17]. 

In this model, the most important parameters are the relative size of the breakage zone, r, and 

the probability of breakage s. The fraction of the breakage zone is most likely dependent on the 

granulator dimensions, operating speeds and powder-binder properties, which would affect the 

viscosity of the medium. It should be fairly straightforward to find this parameter by performing 

breakage experiments at different speeds, or by using an advanced technique like in-situ particle 

imaging. The most crucial parameter of the model is s. In the literature, several ways to calculate 

the probability of breakage have been proposed. We propose that the probability of breakage 

should be dependent on both the kinetic energy of the granules and the powder and binder 

properties. 

By combining the logarithm rewrite rules 𝑒𝑥𝑝(𝑙𝑛(𝑥)) = 𝑥  and 𝑙𝑛(𝑥𝑎) = 𝑎 ∗ 𝑙𝑛(𝑥) , these
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2.1 Experimental 

To evaluate the model and propose an expression for the combined term r*s, breakage 

experiments were performed in a high shear mixer using granules made from lactose 

monohydrate and silicone oil according to the same procedure as described by Liu et al. [14]: 

Broad lactose (D3,2 = 42.2 μm) was kneaded in a plastic bag with silicone oil until the binder 

was evenly distributed. The mixture was then loaded into a cylindrical die with a diameter of 

5 mm and a height of 5 mm and pressed into pellets of the same dimensions. Varying amounts 

of mixture were used to produce pellets with three different pore saturations: 0.3, 0.5 and 0.8. 

Two different grades of silicone oil were used: 100 cSt and 1000 cSt, resulting in six different 

types of pellets overall. Each type of these pellets was introduced into a breakage-only 

granulator (BOG) [14]; a mixer granulator filled with cohesive sand. For each type of granule, 

the BOG was run at several speeds (750, 1000 and 1500 rpm) for 15 seconds. After a single 

experiment was finished, the granules were extracted and evaluated for breakage by passing the 

sand-granule mixture through a sieve. Any granules smaller than 3.38 mm were considered 

sufficiently damaged to be removed from further granulation. The surviving granules and the 

sand were then reintroduced into the BOG and the granulator was run for another 15 seconds. 

This procedure was repeated until no further survivors were obtained, or four successive sets 

of granulation had been performed. In this way, the number of surviving granules could be 

tracked over time. Using this method, a total of eighteen different data series were obtained, as 

shown in Table 1. 

The obtained results were then compared to the proposed model and the parameter a and, 

consequently, parameter r*s were obtained for each data set. Finally, the obtained parameters 

were related to dimensionless quantities to yield a way to predict granule breakage. 
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Table 1: Overview of the different validation experiments performed using the BOG for this study. 

100 cSt silicone oil 1000 cSt silicone oil 

Sat = 0.3 Sat = 0.5 Sat = 0.8 Sat = 0.3 Sat = 0.5 St = 0.8 

ω (rpm) ω (rpm) ω (rpm) ω (rpm) ω (rpm) ω (rpm) 

500 500 500 500 500 500 

750 750 750 750 750 750 

1000 1000 1000 1000 1000 1000 

3 Results and Discussion 

Figure 2 shows a comparison between the model developed in this work and the experimental 

data. The number of surviving granules is shown as a function of time, scaled by the fitted 

lumped parameter a. The figure clearly demonstrates that the surviving number of granules 

decays exponentially. Some data sets are clustered either at the beginning or at the end of the 

curve. For these data sets, no breakage at all or significant breakage occurred, respectively. It 

is relatively easy for such sets to follow the predicted curve, since a is simply required to be 

either large in the case of significant breakage or small in the case of no breakage to follow the 

model. Therefore, the sets towards the middle of the curve demonstrate better than other sets 

whether the proposed model describes breakage behaviour sufficiently; data sets in the 

intermediate range of 0.008 < a < 0.1 s-1
 are of particular interest. These sets are the 100 cSt 

silicone oil sets with 0.5 and 0.8 saturation at 1000 and 1500 rpm, as well as all 1000 cSt sets 

at 0.5 saturation. 
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Figure 2: Fraction of surviving granules as a function of a*t. All curves collapse onto the single curve e-t. 

By fitting the lumped parameter a to the experimental data, it was possible to determine the 

fitted values for r*s using Equation 7. The key challenge then was to link the relevant 

parameters to the obtained values to determine the physical phenomena governing breakage 

rates. Three potential candidates have been investigated in this work. 

The first option is the Stokes deformation number Stdef. This number has been shown to be 

related to granule breakage in the literature [14]. The granule impact velocity was assumed to 
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be 15 % of the impeller tip speed, a value that was found to be representative for typical granule 

velocities in the type of granulator used [14]. Since a two-bladed impeller was used, the shape 

factor f was assumed to be 2. 

The second option for correlation with the probability of breakage is the dimensionless peak 

flow stress Str*, which represents the strength of a granule (Equation 8). 

𝑆𝑡𝑟∗ = 𝜎𝑝 ∗ 𝑑3,2𝛾 ∗ 𝑐𝑜𝑠(𝜃) (8) 

Here, all parameters are as defined in Equation 3, which was also used to approximate σp. 

Finally, the capillary number Ca is a possible candidate for correlation with breakage, as it is 

known to be related to Str* [18-20] (Equation 9): 

𝐶𝑎 = 𝜇 ∗ 𝑣𝑝𝛾 ∗ 𝑐𝑜𝑠(𝜃) (9) 

Again, all parameters in this equation are as defined in Equation 3. 

3.1 Correlation of breakage to the Stokes deformation number 

Using Equations 2 and 3, the theoretical Stokes deformation number was calculated for all 

evaluated granule sets. Figure 3 shows the overall probability of breakage r*s as a function of 

the Stokes deformation number. As the Stokes deformation number increases, so does the 

overall probability of breakage. This is logical, as an increased Stokes deformation number 

indicates weaker, more deformable granules. However, there does not appear to be a direct 

correlation between the Stokes deformation number and the overall probability of breakage. 
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Figure 3: The overall probability of breakage r*s plotted against the Stokes deformation number Stdef. 

Some general trends are visible, e.g. the probability of breakage tends to go down with an 

increase in binder viscosity. Additionally, an increase in liquid saturation also results in a 

decrease in granule breakage. Finally, the probability of breakage goes down with an increase 

in Stdef. However, the relationship between r*s and Stdef is unclear; there appears to be no direct 

correlation. This behaviour is likely caused by the assumptions used when calculating the 

granule dynamic strength (Equation 3) and the Stokes deformation number (Equation 2). It is 
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assumed that both the relative granule velocity, vp, and the granule impact velocity, vc, are equal 

to 15% of the impeller speed. Any changes in the ratio between these two velocities will result 

in different values for Stdef. Therefore, if a slightly different ratio were to be assumed, the 

observed trend of r*s versus Stdef would be different from what is presented in Figure 3. As 

such, the trend in Figure 3 may be more an artefact than the real situation. Due to the 

uncertainties in calculating Stdef  using the current assumptions for granule velocity, no 

conclusions can be drawn on the relationship between r*s and Stdef . 

3.2 Correlation of breakage to the dimensionless peak flow stress 

The dimensionless peak flow stress was calculated using Equations 3 and 8. Since breakage 

was expected to decrease with increasing granule strength, the inverse of the dimensionless 

peak flow stress was used for correlation with the overall probability of breakage r*s. Figure 4 

clearly shows that a decrease in the dimensionless peak flow stress results in an increase in the 

probability of breakage. It appears as though two regimes are present; a regime with little 

correlation, and a regime with a stronger, linear correlation. It should be noted here that the low 

saturation, low viscosity samples (100 cSt; 0.3 saturation) appear the most linear, but actually 

contribute little to inferring any trends from the data; these sets have a very high probability of 

breakage and will as such always be predicted well. The sets that do not contribute to the model 

are the three sets with 100 cSt silicone oil and 0.3 saturation, and the sets with 1000 cSt silicone 

oil, 0.8 saturation at 750 and 1500 rpm. These sets have been omitted for fitting. 
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Figure 4: The overall probability of breakage r*s plotted against the inverse of the dimensionless peak flow 

stress Str*. 

Using Python’s curve_fit method, it was found that both r and s could be predicted according 

to Equation 10: 

𝑠 = 𝑐1𝑆𝑡𝑟∗ + 𝑐2𝑟 𝑤𝑖𝑡ℎ 𝑟 = 𝜔 ∗ 𝑐3 
(10) 
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with c1 and c2 dimensionless fitting constants.  It is likely that the size of the breakage zone is 

related to the impeller speed.  In Equation 10, it is assumed that r is directly related to the 

impeller speed ω by constant c3, which equals 0.00155 s. For the first regime, it was found that 

c1 equals 4.05 with c2 set to 0; for the second regime, c1 equals 56.7 and c2 equals -0.436 (the 

intersect being at Str* = 121). The resulting line is shown in Figure 5. 

Figure 5: The probability of breakage s plotted against the inverse of the dimensionless peak flow stress Str* 

with fit. 
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Figure 5 appears to yield a good fit of most values. The low saturation, high viscosity sets 

appear to deviate slightly from the overall trend, but overall, the fit seems satisfactory. However, 

as Figure 6 demonstrates, using the obtained relationship to predict values of lumped parameter 

a, does not yield a good fit for most data sets. 

Figure 6: Fraction of surviving granules as a function of time, scaled with the estimated fitting parameter 

aStr*. Theoretically, all data should collapse onto a single curve. 
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Sets with medium saturation (0.5) are fairly well predicted, but sets with both high and low 

saturation values are very poorly predicted. The exponential factor exacerbates relatively small 

errors from the fit in Equation 11. Furthermore, all reasonably well predicted behaviour can be 

ascribed to data sets that show either little or extensive breakage. As such, this behaviour is 

easier to approximate well. From these observations, it can be concluded that the dimensionless 

peak flow stress does not sufficiently describe the observed breakage behaviour. 

3.3 Correlation of breakage to the capillary number 

The capillary number was calculated using Equation 9. In the literature the capillary number is 

often related to the dimensionless peak flow stress using two regimes, a static regime and an 

viscosity-dominated regime, as described by Equation 11 [18-20]: 

𝑆𝑡𝑟∗ = 𝑘1 + 𝑘2 ∗ 𝐶𝑎𝑛 (11) 

Here, k1 and k2 are constants describing the static strength of the granules and the location of 

the transition from the static regime to the viscosity-dominated regime, respectively, and n is 

the exponent, which usually has a value of approximately 0.5 in the literature [19, 20]. 

Since breakage generally involves relatively high shear rates, it is reasonable to assume that the 

capillary number can be related to the dimensionless peak flow stress according to the viscosity-

dominated regime. Therefore, the inverse of the capillary number was used for correlation with 

the overall probability of breakage. Two observations can be made from this comparison, which 

is shown in Figure 7. 

First of all, an increase in the capillary number leads to a decrease in the probability of breakage. 

This is logical, as an increase in the viscous forces, either by an increase in the granule velocity 
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or binder viscosity, should increase granule strength. Second, it appears as though there is a 

linear relationship between the inverse capillary number and the probability of breakage, 

provided the pore saturation remains constant. However, the pore saturation itself appears to 

have a separate effect on the probability of breakage as well; an increase in pore saturation 

results in a decrease in breakage. This is in agreement with Equation 3; granules with a higher 

pore saturation should have a higher strength. 

Figure 7: The overall probability of breakage r*s plotted against the inverse of the capillary number Ca. 
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Further investigation into the effect of the pore saturation on the correlation between the inverse 

capillary number and the overall probability of breakage using curve_fit in Python reveals the 

following relationship (Equation 12): 

𝑟 ∗ 𝑠 = 𝑒𝑥𝑝(−8.68 ∗ 𝑆)𝐶𝑎 (12) 

where, all parameters are as defined before. This equation is not perfect; it is highly likely that 

it lumps together the effect of changes in the relative size of the breakage zone described by r, 

which is affected by impeller speed, type, fill level and granulator shape, and the actual 

probability of breakage s. However, the equation is a good starting point for the prediction of 

granule breakage. It should also be noted that this equation is most likely only valid for 

viscosity-dominated strength behaviour. The only parameters investigated for the capillary 

number are changes in the liquid viscosity and the impeller speed, as the silicone oils used have 

similar contact angles and surface tensions. 

All parameters required for the equation are relatively easy to determine granule properties: 

pore saturation, binder viscosity and surface tension, and the powder-binder contact angle. The 

only parameter that is challenging to obtain is the granule velocity. However, assuming the 

granule velocity scales linearly with the impeller tip speed, this should only affect the Capillary 

number. 

It should be noted that the obtained fitting parameter of 8.68 for the correlation between the 

inverse capillary number and the overall probability of breakage could be dependent on other 

parameters. In this study, only lactose-silicone oil systems were evaluated. It is quite possible 

that the obtained parameter changes when using different powders and binders. A wider range 

of powders and binders must be investigated to verify this. 
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Substituting Equation 12 into Equation 7 yields the following expression to predict the 

surviving number of granules as a function of time (Equation 13): 

𝑁𝑁0 = 𝑒𝑥𝑝 (𝑙𝑛 (1 − (𝑒𝑥𝑝(−8.68 ∗ 𝑆)𝐶𝑎 )) ∗ 𝜔 ∗ 𝑓 ∗ 𝑡) (13) 

Using this equation, the lumped parameter aCa was predicted for each data set evaluated and 

compared to the predicted model, as shown in Figure 8. Compared to Figure 6, Figure 8 shows 

a much better agreement between model and experimental data. Most breakage behaviour is 

predicted quite well by Equation 12, with the 1000 cSt, 0.3 saturation, 750 RPM set showing 

the most significant deviations in the 0.008 < a < 0.1 s-1 range. It is possible that this data set is 

an outlier, but further experiments are needed to provide conclusive evidence. 
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Figure 8: Fraction of surviving granules as a function of time, scaled with the estimated fitting parameter 

aCa. Theoretically, all data should collapse onto the black curve e-t. 

3.4 Comparison with data from the literature 

In order to test the validity of the relationship proposed in Equation 12, experimental data from 

work performed by Suhairi [21] was used with permission from the authors. The data comprises 

four different systems: lactose-silicone oil, glass beads-silicone oil, lactose-water and glass 

beads-water. Granules were prepared similarly to the granules prepared in this work, and 



23 

various liquid saturations (0.3, 0.5, 0.6, 0.8, 1.0) were used. The largest difference in the 

experimental method was the extraction method; extracted intact granules were not 

reintroduced into the granulator. Instead, a fresh batch of granules was introduced into the 

granulator for a longer granulation time. Using this method, it was possible for the number, of 

survivors to increase between batches, which led to slightly more erratic data (particularly 

lactose-silicone oil at 0.5, 0.8 and 1.0 S), as shown in Figure 9. 

Figure 9: Fraction of surviving granules from the literature data set as a function of a*t. Theoretically, all 

data should collapse onto the black curve e-t. Data shown was used with permission from the authors [21]. 
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Although the proposed breakage trend still holds for this data set, the values in Figure 9 deviate 

more from the exponential decay curve. This can mostly be attributed to the experimental set-

up; in some cases the surviving number of granules increases, which would not be possible 

with the set-up used in our study. Another potential issue is the dissolution of lactose for the 

lactose-water systems, which was observed by the authors. It should also be noted that most 

sets produced with water or glass beads showed significant breakage after even 15 s of 

granulation, essentially contributing nothing to the theory proposed here. For these systems, a 

shorter granulation time is needed to properly investigate the breakage behaviour. 

Despite these caveats, the data sets provides more values for pore saturation, as well as the 

opportunity to investigate the effect of powder size and shape and powder-binder interaction to 

test the relationship found in Equation 12. Figure 10 shows a comparison between the observed 

values for r*s and the values predicted using Equation 12 for the experimental data set as well 

as the test set from literature. In the case of a perfect prediction, the data points should fall on 

the black line. 

From Figure 10, it becomes clear that the r*s-values is much poorer compared to the values 

obtained for the experimental set; up to three orders of magnitude difference may be observed 

for some values. In particular, the predicted probability of breakage for systems with water as 

a binder is much higher than observed, and silicone-based systems have a higher probability of 

breakage than predicted. 
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Figure 10: Comparison of the observed values for r*s to the values predicted by Equation 12 for the 

experimental data sets presented in this work, as well as the literature data sets from Suhairi [21]. 

The values closest to the predictions are for systems using lactose and silicone oil; the powder 

and binder for the experimental data set. This observation suggests that powder and binder 

properties may play a more important role than assumed in Equation 12. Figure 11, which 
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shows the predicted breakage behaviour for the tests systems, confirms that Equation 12 does 

not encompass all phenomena involved in breakage. 

Figure 11: Fraction of surviving granules as a function of time, scaled with the estimated fitting parameter 

aest,Ca. for the literature data sets from Suhairi [21]. Theoretically, all data should collapse onto the black 

curve e-t. 
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In Figure 11, the effects of the poor prediction of the probability of breakage become clear. All 

silicone oil-based systems display more breakage than predicted. Particularly the systems using 

glass beads break much fast than anticipated. This may have to do with the particle shape and 

primary particle size  as Equation 3 demonstrates, rounder particles result in weaker granules, 

and Akiti et al. [16] found that decreasing primary particle size reduces breakage;. The 

prediction in Equation 12 does not take this relationship into account. The breakage behaviour 

of systems closest to the test set, with silicone oil and lactose, show some agreement with the 

prediction, although the extent of breakage is still significantly underpredicted. 

According to Figure 10, breakage is expected to be overpredicted for the water-based systems, 

as the model predict a much higher probability of breakage than observed. However, as Figure 

11 demonstrates, most of the water-based systems show such severe breakage that this 

overprediction does not matter; any sufficiently large number probability of breakage will 

follow the decay curve. In order to truly evaluate whether the model can predict the breakage 

behaviour of systems using different binders, such as water, much shorter granulation times are 

required; it is possible that the model still captures some of the breakage behaviour of such 

systems, as the capillary number does include some of the binder properties. 

Overall, the obtained relationship presented in Equation 12 certainly gives a quantitative 

prediction of the breakage behaviour. However, a more detailed study is needed to properly 

account for the effect of other systems properties, such as powder-binder interactions and power 

properties. Furthermore, the current tests have only considered a single granulator design. By 

varying the design, it should be possible to provide predictions for r and s separately. 
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4 Conclusions 

In this study, a model for predicting granule breakage in high-shear granulators has been 

developed. The model is based on the division of the granulator into a breakage zone, in which 

granules have a probability to break and a no-breakage zone, where no breakage occurs. The 

number of impacts, dependent on the granulation time, operating speed and the impeller shape, 

as well as the size of the breakage zone and the probability of granule breakage then determine 

the number of surviving granules. 

A comparison with experimental data showed that the number of surviving granules does 

indeed decay exponentially, as predicted by the model. Relating the probability of breakage to 

the Stokes deformation number, Stdef, which is associated with granule breakage, could not 

predict the number of surviving granules. Furthermore, the dimensionless peak flow stress, 

which is another measure of granule strength, was found to show only weak correlation with 

granule breakage. It was found that the inverse of the capillary number was linearly related to 

the probability of breakage. Moreover, the pore saturation was found to have a significant effect 

on the probability of breakage. The obtained relationship was used to predict the overall 

probability of breakage for all data sets evaluated. The resulting predictions agreed with the 

majority of the data sets evaluated. 

A comparison with an experimental data set from Suhairi’s work [21] showed that the 

predictions by the developed model agree qualitatively with the literature data, but the obtained 

relationship was not able to fully capture the breakage behaviour. This result can partially be 

attributed to the lack of early breakage data for systems that showed full breakage, as well as 

the use of a granules made using a single power-binder system to fit the model. The results 

demonstrate that the interaction between the powder and binder, as well as the powder 
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properties, may have a significant influence on the predictions. Currently, this influence is not 

captured by the proposed model. 

This investigation into granule breakage has provided an interesting insight into the 

mechanisms and mechanistic modelling of breakage. For future work, an expanded set of data 

should be used to further explore the relationship between the capillary number, the pore 

saturation and the probability of breakage. Furthermore, attempts should be made to split the 

overall probability of breakage into the relative size of the breakage zone r and the actual 

probability of breakage s. In this way, it should be possible to account for changes in the size 

of the breakage zone caused by different impeller speeds. Additionally, by using granulators 

with varying dimensions and impeller shapes, the influence of the granulator configuration on 

the breakage zone can be inferred. 

Nomenclature 

Symbol Name Dimensions 

a lumped decay parameter  time-1 

aCa 
predicted lumped decay parameter using the capillary 

number 

aStr* 
predicted lumped decay parameter using the 

dimensionless peak flow stress 

c1 fitting constant for s - 

c2 fitting constant for s - 

c3 Fitting constant for s time 

AR the shape factor of the primary particles - 

d3,2 primary particle Sauter mean diameter length 

f impeller shape factor - 

fMat fracture behaviour of a particle - 

k impact number - 

k1 static strength of the granules - 

k2 
location of the transition from the static regime to the 

viscosity-dominated regime 
- 

N the surviving number of granules - 
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n number of collision events - 

N0 initial number of granules - 

r relative granulator volume of the breakage zone - 

S Liquid saturation - 

s probability of breakage - 

Stdef Stokes deformation number  - 

Str* dimensionless peak flow stress - 

t granulation time  time 

vc granule impact velocity  velocity 

vp relative granule velocity velocity 

Wm,kin  kinetic energy of particle energy 

Wm,min minimum kinetic energy required for particle breakage energy 

Greek Symbols 

γ binder surface tension pressure 

ε granule porosity - 

θ powder-binder contact angle degrees 

μ binder viscosity pressure*time 

ρg granule density density 

σp dynamic yield stress pressure 

ω impeller speed time-1 

x particle size length 
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