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LAY ABSTRACT 

Granulation is considered as a common size enlargement process for tableting that has 

attracted much attention in pharmaceutical manufacturing because of its ability to improve 

granule flowability and ensure consistency in the granule properties. This study used 

continuous wet granulation on the two most popular sizes of twin-screw extruders. Granulation 

experiments at a range of different conditions were performed on the two extruders to produce 

granules, which were then characterized for determining granule properties. This study mainly 

focused on the possibility of scaling up between the two extruders without changing the final 

granule properties and used an Artificial intelligence tool to develop mathematical models for 

both extruders to predict granule properties. These mathematical models were beneficial to 

establish scaling rules for the granulation system.  
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ABSTRACT 

Wet granulation is a crucial process in the manufacturing of pharmaceutical tablets. For 

several years, twin-screw wet granulation has been noticeably studied as a continuous method 

for granulation in the pharmaceutical industry because of its ability for producing uniform 

granules with greater flowability and consistency. Some big challenges still exist in controlling 

the desired granule properties when different-sized extruders are used in product development. 

Introducing new technology to the Quality-by-Design approach and scaling up a wet 

granulation system on the twin-screw extruder demands a robust process understanding and 

improvement of knowledge by studying the dominance of critical process parameters on the 

properties of the granules. Therefore, it was vital to study the possibility of scaling up between 

different-sized twin-screw extruders and observe the effect of variations in the process 

concerning granule properties.  

The current study intended to understand the behavior of the wet granulation process in 

the two popular sizes of twin-screw extruders used in pharmaceutical manufacturing, 18 mm, 

and 27 mm. Two key dimensionless groups, the Reynolds number, and the Péclet number were 

studied to evaluate their impact on the flow behavior and mixing performance during wet 

granulation of a sustained released formulation. It was realized that the two dimensionless 

groups exhibited inconsistent effects on granule properties, including the upper moment (d90) 

and span of the particle size distribution and granule fracture strength. In this study, the 

influence of material flow, residence time distribution, degree of channel fill, and mixing 

intensity on the wet granulation process were explored in detail for both extruders. The higher 

influence of the Péclet number on wet granulation was greatly dependent on the degree of fill, 
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whereas the Reynolds number had the least effect on the residence time distribution and mixing 

performance.  

The significance of the fill level for scale-up on the twin-screw extruder was huge to 

ensure steady mixing during granulation and reduce variation in the product. The interaction 

between the screw speed and the material feed rate was therefore examined with particular 

focus on the resultant fill level and a method was suggested for quantifying the degree of fill 

for the two extruders. It was noticed that variation in the free channel space greatly influenced 

the properties of the granules when produced from the two different-sized extruders. Hence, 

the degree of fill and scale of the twin-screw extruder had a very significant effect on the 

granule properties. Genetic programming was employed as an Artificial intelligence tool for 

modeling the granule properties which developed valuable mathematical equations. These 

equations were very useful for establishing important scaling laws for the wet granulation 

system on the twin-screw extruder. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

For pharmaceutical companies, knowledge of their manufacturing processes and the 

influences of these processes on intermediate and final product properties is critical to 

achieving the high quality needed. For this reason, regulatory agencies (FDA) and 

pharmaceutical manufacturing companies started many initiatives in recent years to improve 

process understanding and expand continuous manufacturing, which is more consistent [1]. 

One of three common manufacturing methods, such as direct compression, dry granulation, 

and wet granulation, usually makes solid oral pharmaceutical products, though the latter is 

more common [1], [2]. In pharmaceutical manufacturing, granulation is a widely used 

technique for combining one or more powdered particles through compression or using binding 

liquid to produce larger solids. It is a crucial step in processing to improve flowability and 

compressibility for tableting [3]. 

Previously, batch processes with low and high shear involved wet granulation, though 

continuous wet granulation is growing in popularity because of its many advantages [4]. Twin-

screw granulation is a faster process than any other method by being continuous, which results 

in increased productivity, less product rejection/waste, greater flexibility in the output quantity, 

and better in-process control [3], [5]. It also has reduced residence time when compared to a 

conventional wet granulation with a high-shear batch mixer [6], [7]. Meeting throughput rate 

targets demand a necessary scale of the equipment [7], which can alter granule properties unless 

subsequent changes occur to the processing parameters. Several recent studies have highlighted 

the impacts of different process parameters on the granulation mechanism (nucleation, growth, 
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and breakage) but the influence of the size of the extruder is most responsible for varying the 

product quality [8]–[10].  

Twin screw wet granulation (TSWG) involves several physical and chemical 

phenomena, and it is essential to realize what happens in the granulation process when the size 

of the extruder changes. The scalability of TSWG is incredibly challenging and only a few 

studies are available up to the present time. Hence, developing a viable scaling method is 

beneficial to scale up a wet granulation system in twin-screw extruders and improve our 

understanding of the process. An effective scaling-up method is vital for sustaining reliability 

in the granulation process and producing uniform granules over time [1]. One of the major 

challenges is to consider appropriate dimensionless numbers for scaling up a granulation 

system. Considering the multiple mechanisms involved, different dimensionless numbers were 

involved in developing an appropriate scaling rule. 

The present scale-up study considered two dimensionless numbers, such as Reynolds 

number (Re) and Péclet number (Pe), to examine their influences on the upper moment (d90) 

and span of the particle size distribution (PSD), and fracture strength of granules produced. 

Genetic programming (GP) seemed to be a highly attractive route to develop the scaling rules 

based on process data collected experimentally. This scaling work maintained geometric 

similarity between two different sizes of granulators, whereas the setting of the operating 

process parameters based on two dimensionless numbers (Re and Pe) maintained kinetic and 

dynamical similarities. As included in this study, the filling level in a smaller and larger twin-

screw granulator seemed like another dimensionless number for explaining the kinetic 

conditions inside the granulators, which was statistically modeled for changing powder feed 

rate and screw speed. 
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1.2 Objectives of the Thesis 

The objective of the thesis was to develop and evaluate scaling rules for a continuous 

twin-screw wet granulation process using two sizes of twin-screw granulators. 

The specific objectives are as follows: 

 Determine the mean residence time from the residence time distribution and 

build a statistical model based on the process parameters to predict the degree 

of fill for the different-sized granulators.  

 Develop an artificial intelligence tool based on the process, and based on the 

particle size (d90), span, and granule fracture strength.  

 Establish scaling rules for the granulators varying in capacity and reducing the 

dependency on the experimentation. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Granulation 

Granulation is a crucial technique for tableting that transforms fine particles into strong 

and large agglomerates. This process improves the flowability and compressibility of granules, 

reduces segregation and dusting, and increases homogeneity in the material. The granulation 

process also eliminates excess fine particles to minimize tablet defects, improve productivity, 

and reduce manufacturing time [1]–[3], [11], [12]. Pharmaceuticals are usually made by one of 

three important granulation methods: dry, wet, and hot melt granulation (HMG), though 

pharmaceutical companies mostly use wet granulation to produce drugs because of its 

numerous benefits [2], [13], [14]. Dry granulation involves powder compression by a roller, 

whereas wet granulation needs a granulating liquid or a binder solution to bind excipients and 

active pharmaceutical ingredients (APIs) together [3]. In dry granulation, mechanical 

interlocking, cohesion, and van der Waals forces create inter-particle bonding because of the 

application of pressure or mechanical forces to the powder bed.  

HMG has an especially high interest in continuous granulation using twin-screw 

extruders (TSEs) because of the machine's capacity to handle the heat. This type of granulation 

uses a molten binder (wax, lipid, or polymer) in the process to form liquid bridges between the 

solid particles while heated above its softening or melting point. Upon solidification, these 

bridges harden when they cool down to ambient conditions upon exiting the extruder barrel 

[5], [15]; using a waxy binder improves the flowability of granules, though it can increase the 

required strength. For this granulation, the process temperature should be lower than the 

melting point of the API, but higher than the glass transition temperature of the binders [10]. 
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Both hot melt and dry granulation are popular for moisture-sensitive formulations, whereas wet 

granulation is suitable for producing thermally sensitive drugs.  

Mechanisms of wet (and HMG) processes include three basic steps such as wetting & 

nucleation, consolidation & growth, and breakage & attrition [16] though all these steps do not 

essentially take place at the same time nor to the same degree based on the method used. The 

conventional batch process involves the last two steps happening concurrently, which presents 

hurdles in controlling the granule properties. The continuous twin-screw granulation process 

has improved control over the resulting granule properties since there is a visible separation 

between the wetting & nucleation step and the consolidation & growth step [16]. Initially, 

nuclei form depending on the viscosity of the binder and the binder droplet size relative to the 

initial solid particle. With higher binder viscosity, the immersion mechanism controls the 

nucleation step, whereas the distribution mechanism dominates nuclei formation when the 

binder droplet size is relatively small compared to the particles [5]. Growth is a crucial step, 

and it typically takes place when the size of nuclei begins to increase [5]. In twin-screw 

granulation (TSG), coalescence is vital for granule formation and depends on the degree of 

liquid dispersion or saturation. The consolidation of particles, which depends on the capillary 

and mechanical forces during the mixing process, can increase the liquid dispersion. Granule 

breakage depends on the wet granular strength and mechanical stress from the twin-screw 

extruder (TSE). Usually, granules having greater strength withstand breakage under specific 

mechanical conditions, though extreme mechanical force can break the granules [5]. The 

combined actions of capillary force, viscous force, and inter-particle frictional force are 

essential to developing granular strength. Viscous force regulates the dynamic granular 

strength, whereas capillary force results in steady granule strength. The viscosity of the binder 
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causes viscous forces, whereas the capillary force depends on the force due to surface tension 

and the interaction between the liquid binder and solid particles [5].  

2.2 Continuous Wet Granulation in Twin-Screw Extruder 

TSG is getting significant attention in pharmaceutical manufacturing for its continuous 

operations, as it improves both production efficiency and equipment flexibility. Compared to 

traditional granulation methods, twin-screw wet granulation (TSWG) is a more effective 

technique for producing a high quantity of consistent granular particles [9], [17]. Being 

continuous process, TSG offers more output, fewer batch refusals, reduced production cost, 

greater flexibility in batches, and better in-process monitoring and control [18]–[20]. In other 

words, in-process monitoring of TSG helps to control the desire properties of granules without 

causing any defects that results more productivity and less wastage of material. The granules 

produced by TSG have a notably lower fracture strength when compared to those from a high-

shear batch mixer; granules formed by TSEs are highly compressible because of their porous 

structure, and tablets made by these granules tend to have high tensile strength (which is 

desirable).  

In TSG, granule properties mainly depend on formulation, binder selection, and process 

parameters [3], [21], [22]. The relationships between different extrusion parameters such as 

powder feed rate, screw speed, barrel temperature, and screw geometry largely affect mixing 

intensity, residence time, powder compression, particle size distribution (PSD), exit 

temperature, and so forth [18], [22]. System parameters, including residence time distribution 

(RTD) and screw torque, also have a correlated influence on the properties of granules [21]. In 

TSWG, the liquid-to-solid (L/S) ratio is the most influential factor regarding granule quality 

[23]. Other factors such as a higher barrel temperature or higher powder feed rate can result in 
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larger granules by twin-screw wet granulation [24]. Denghe et al. [23] reported that the median 

particle size (d50) of granules reduced with an increase in powders feed rate and screw speed, 

but also found the fracture strength of granules increased with powders feed rate and L/S ratio. 

Other studies revealed that a higher powders feed rate and greater viscosity of a granulation 

liquid resulted in longer residence times, more barrel fill, and higher torque. It also produced 

spherical, stronger, and denser granules with a narrower PSD [25]–[28]. Increasing the powder 

feed rate can promote more capillary action that forms larger granules, though it also depends 

on the screw speed. Some authors pointed out that screw speed influenced the residence time 

and granular growth, since a higher screw speed led to lower compaction of the granules, 

shorter residence time, narrower particle size distribution, and produced larger granules [27], 

[29], [30]. Thus, the changes in screw speed, powders feed rate, and L/S ratio had a meaningful 

impact on the residence time and the average torque during the granulation process. 

A suitable screw design is essential for the granulation, as the kneading block 

compresses agglomerates to form denser and stronger granules. A kneading block where its 

discs are at a larger offset angle provides the highest shear to the material [31]–[34]. One study 

reported that increasing the number of kneading elements led to more friction inside the barrel 

and consequently resulted in higher torque values. The angle of the kneading disc usually had 

no important effect on the torque and only became important when TSWG used a higher 

number of kneading elements. According to another study, the angle of kneading elements only 

affected the PSD when the barrel filling degree was high (70%) [7]. Other authors highlighted 

the impact of screw configuration on PSD, where conveying elements produced wide 

multimodal size distributions while kneading elements reduced granule size [35]. Three 

different screw geometries consisting of an incremental number of kneading blocks were tested 

in another granulation study, where granule size was reduced but fracture strength increased 
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because of escalation in the residence time and axial dispersion inside the twin-screw extruder 

[36]. It was also pointed out that implementing an extra conveying element after the kneading 

block improved the granulation yield by reducing the oversized agglomerates [32].  

2.3 Scale-Up of Granulation in Twin-Screw Extruder 

Scale-up of TSG is beneficial to its optimization and makes for a more cost-effective 

process, allowing the shifting from smaller-scale equipment to larger versions while 

maintaining at least one important attribute as fixed [37]. It is essential to know how machine 

size affects granulation since the process involves many unit operations, such as melting, 

mixing, nucleation, agglomeration, and breakage [37]. Understanding scale-up is also essential 

to Quality-by-Design (QbD) where process parameters control the desired granule quality [37]. 

Developing an efficient scaling-up method for TSWG can be challenging because critical 

process parameters (CPPs) will control the quality attributes of granulation. It is crucial to 

identify the most dominating parameters of the process that have an important impact on the 

critical quality attributes (CQAs) [28].  

Developing the design space governing granule quality requires many TSWG 

experiments and that demands time and great expense when done on a production-sized 

machine. Therefore, it is better to conduct experiments first in a smaller extruder and then scale 

up the process efficiently. The optimal design space allows a TSWG process to be less sensitive 

to slight changes in parameters. The underlying goal of a scale-up strategy is to ensure particles 

experience the same mechanical stresses within different scales of equipment to produce 

identical granules. By maintaining geometry, dynamical, and kinematic similarity, it is possible 

to achieve scale-up for a continuous TSWG. There are two scale-up philosophies, macroscopic 

and microscopic, though the latter emphasizes process understanding to ensure consistency in 
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the process and establishes a workable scale-up [38]. In a macroscopic scale-up approach, the 

process involves regulating parameters on various scales to get desired granule quality through 

in-process measurements [39]. In a microscopic approach, conducting several experiments on 

small-scale equipment improves process knowledge to identify the critical process parameters 

(CPPs), and then scaling rules help in defining parameter values at the larger version to 

maintain the quality of the granules [40]. Both scale-up strategies have some limitations, 

though a hybrid approach can increase the possibility of an efficient scale-up for any 

granulation system.  A few scale-up studies of TSWG were done, but these studies were not 

fully successful because of some limitations. Djuric et al. [16] performed a comparative study 

of granulation for two different sizes of TSG to evaluate the impact of powder feed rate and 

screw speed on granule properties. The authors reported that the smaller TSG yielded a higher 

proportion of fines, whereas the larger TSG formed more coarse granules. They observed that 

the influence of powder feed rate on granule size was more apparent on the larger TSG. The 

study considered the Froude number (Fr) as a dimensionless number but did not involve 

dimensional similarity or any proposed scaling rules [16]. As a result, the flow rates and screw 

speeds examined between the two different sizes of extruders did not consider them in suitably 

scaled ranges to identify any scaling trends. Another study proposed three key scale-

independent dimensionless groups, such as Froude number (Fr), Powder feed number (PFN), 

and Liquid-to-solid ratio (LSR) would be appropriate to scale up granulation across three 

different sizes of TSG maintaining geometric similarity [1]. The study revealed that the LSR 

affected PSD, whereas Fr and PFN only correlated with the higher moment of the particle size 

distribution (d90). There were no trends found with granule porosity according to this study. 

The authors of the study pointed out that larger TSG yielded less breakage of coarse granules 

because of the larger gap between the screw and the barrel's inner surface. Further studies 

related to the scalability of TSG have considered three geometrically similar TSGs, but the 
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authors in that study identified no dimensionless numbers in their selection of operating 

conditions [41]. Their study involved RTD and DF and reported that the interaction at a very 

low DF, wider RTD, or higher L/S ratio substantially impacted particle size and density [41]. 

Screw channel filling was an important factor when comparing different sizes of TSG, though 

the author did not mention any method to quantify the degree of filling. Screw configuration, 

DF, and RTD are very crucial to scale-up, but up to the present, no particular and persuasive 

quantification methods exist for DF [42]. The impact of residence time on the transformation 

of the product is obvious, and RTD in a TSE can be a favorable tool to scale up and determine 

optimal process conditions. Another study related to regime maps for different granulation 

processes considered two dimensionless numbers, such as Reynolds number (Re) and Weber 

number (We), to differentiate spreading and granular growth, which led to a reduction in both 

the experimental workload and the number of parameters to be considered [42]. Other authors 

included Péclet number (Pe) in a wet granulation study and the results revealed that screw 

speed was the most important parameter in terms of RTD and axial mixing in the TSG [6].  

However, previous scale-up studies rarely considered Re and Pe on the scaling of 

TSWG, and using these dimensionless numbers on different TSG scales, can estimate the 

granule properties. Re is an important dimensionless number to understand the flow behavior 

of powdered particles in the extruder, and its calculation requires the characteristic diameter, 

axial velocity of flow, and viscosity of the wet powder. It is difficult to determine the actual 

mixing intensity during TSWG, but the Pe can be a good index for axial mixing in the extruder, 

which can estimate its impact on granule size and fracture strength. 
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2.4 Genetic Programming  

Genetic programming (GP) is a potential evolutionary approach for extracting 

knowledge, and it is an optimization tool for finding an optimal solution for complex problems. 

This modeling approach was widely used to uncover analytical expressions descriptive of 

observed datasets of input and output values. GP models predicted outputs for a system more 

efficiently than any other numerical method [43]–[45]. One study revealed that a GP model 

had superior prediction ability compared to statistical DOE regression technique or multiple 

linear regression (MLR)-based polynomial models [43]. A GP model offers parametric 

equations, which are simple to explain and examine, and this model has a greater ability to 

understand the fundamental mechanisms of the modeled process [43], [45]. In symbolic 

regression by genetic programming, populations comprise equations generated based on the 

Darwinian principle of survival of the fittest [44]–[46].  

The symbolic regression technique can develop an efficient GP model, where a tree 

diagram displays the structure of the individuals representing mathematical equations [47]. The 

internal nodes or points of the tree are functions or operations, whereas the peripheral points 

are terminals or input data. A GP architecture combines different arithmetic operations (+, −, 

*, /, and so forth), and mathematical functions (sin, cos, tan, log, exp, sqrt, and so forth) and 

involves model parameters to provide an optimal equation [47]–[51]. There are five important 

phases of GP modeling such as population initialization, fitness function, selection, crossover, 

and mutation [52], [53]. Several numerical expressions generated by GP programming depend 

on the initiation of a random population and the setting of termination criteria. A fitness 

function is important to evaluate each mathematical equation where the lowest positive or zero 

value show the best fitness. Tournament size selects the suitable equations for crossover and 

mutation based on the fitness values. Crossover helps to generate new equations by exchanging 
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operations and functions between the existing mathematical equations, whereas mutation 

results in diversity in the new equations to achieve an optimal solution [43], [46], [54].  

Some authors pointed out that the traditional methods required many experimentations 

to make controlled-release drug delivery systems, where the GP model optimized 

pharmaceutical formulation problems by deriving important mathematical expressions based 

on the reduced experimental data [43]. In other studies, the GP model proved to be an effective 

and efficient tool for modeling various controlled release formulations, where GP 

automatically generated some equations to describe the cause-and-effect relationships in a 

system [44], [55], [56]. Thus, GP is a valuable and useful tool for developing controlled-release 

formulations because of its predictive power, reliability, and simplicity. Another study 

considered the GP to scale up a high-shear wet granulation process for the modeling of the 

granulation process for granulators of similar and dissimilar geometries and predicting the 

endpoint of the granulation process by developing a set of mathematical equations [57]. 

Besides, GP developed important equations in the field of microfiltration of oil-in-water 

emulsions to estimate the membrane fouling and predict the oil rejection rate during the 

operation [45]. This valuable tool was also used for predicting the filtration performances of a 

pilot plant for different water quality and changing operating conditions which established 

some mathematical equations as well [58]. 

However, TSWG is an efficient approach for producing uniform granules under 

controlled conditions and is appropriate for APIs which are thermally sensitive. Besides, a 

workable scaling-up method plays a meaningful role in maintaining consistency in the 

granulation process, which efficiently manufactures a preferred product on a larger scale. A 

limited piece of work helped to understand the granulation mechanisms in a TSE partially 
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because of the complexity of the equipment and very few studies related to the scale-up of 

TSWG are done up to the present time. There was also a gap in process simulation-based 

scaling-up studies of TSWG, which has been filled by this work.  
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CHAPTER 3: EXPERIMENTAL 

3.1 Materials and Equipment 

3.1.1 Materials  

The formulation considered in this study was 60% α-lactose monohydrate 

(Flowlac®100; Meggle Pharma, Germany), 20% microcrystalline cellulose (Avicel PH102; 

Dupont Nutrition & Biosciences, Midland, MI, USA), and 20% Kollidon® SR (BASF, 

Florham Park, NJ). An aqueous solution of 2% METHOCELTM E3PLV (DuPont Nutrition & 

Biosciences; Midland, MI, USA) was used as a liquid binder in this study. Kollidon® SR is a 

control-released excipient that extends the release of an active pharmaceutical ingredient (API) 

over time within different solid oral dosage forms. The bulk density, tapped density, 

compressibility index, and Hausner's ratio of the formulation (powder mixture) were measured 

and observed as 0.57 g/cm3, 0.81 g/cm3, 30%, and 1.42, respectively. The powder mixture was 

dried each time at 500C for at least 3 hours in a convective oven before performing any 

granulation experiments. The moisture content of the formulation (dried) is measured on a wet 

basis (loss on drying) with a halogen moisture analyzer (Mettler Toledo®-HG63 series). One 

gram of formulation was tested in the moisture analyzer at 105°C for 5 minutes and the 

moisture content value was observed between 1.6% and 3.2%. Three repeats were made for 

each sample to estimate the uncertainty of the test.  

3.1.2 Equipment 

Wet granulation experiments were performed on 18 mm (MICRO-18) and 27 mm (ZSE 

27 HP) co-rotating twin screw extruders (Leistritz Extrusion; Somerville, NJ, USA). The 

specifications of the two extruders are given in Table 3.1. The liquid binder was injected into 
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a twin-screw extruder at barrel zone 3 with an ISCO 260D high-pressure syringe pump 

(Teledyne-ISCO Inc.; Lincoln, NE, USA) whereas the powder was added into the extruder 

using a Brabender T20 twin-screw gravimetric feeder (Mississauga, ON, Canada). The same 

screw design (as shown in Figure 3.1 and Figure 3.2) was used for all wet granulation 

experiments for both extruders, which consists of conveying elements followed by a single 

kneading block with two 600 stagger kneading elements and subsequent conveying elements 

before the exit of the barrel. The screw design was the same, but the screw pitches were 

different to maintain the geometric similarity between the two extruders. 

Table 3.1 Specification of 18 mm and 27 mm twin-screw extruders. 

Nominal 

diameter of 

the screw 

(mm) 

L/D The maximum 

rotational speed 

of the screw 

(rpm) 

Power 

consumption 

(kW) 

Current 

consumption 

(amp) 

Voltage 

(volt)  

Frequency 

of motor 

(Hz) 

18 40/1 500 2.3 12 380 60 

27 40/1 600 18 16 460 60 

 

 

Figure 3.1. Screw design for 18 mm twin-screw extruder. 

 

Figure 3.2. Screw design for 27 mm twin-screw extruder. 
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In the case of the small-size twin-screw extruder (18 mm), the barrel had a free volume 

of 68 cm3, whereas for the large-size extruder (27 mm) the barrel had 304 cm3 free space which 

largely affects the degree of fill inside the barrel. The barrel of the smaller extruder consisted 

of eight zones, whereas the larger extruder barrel contained ten zones. For all experiments, the 

barrel temperature was always set to 250C due to the low glass transition temperature (30-350C) 

of Kollidon® SR. Figure 3.3 presents a schematic diagram showing the wet granulation process 

on the 18 mm twin-screw extruder. 

 

Figure 3.3. Schematic diagram showing wet granulation on18 mm twin-screw extruder. 

3.2 Design of Experiments 

The atmospheric temperature and relative humidity during the granulation experiments 

on the 18 mm twin-screw granulator were measured and recorded as 22-240C and 26-44%, 

whereas for the 27 mm granulator it was found as 24-260C and 10-15%, respectively. 

For the 18 mm twin-screw extruder, the wet granulation experiments were performed 

at 26% and 30% liquid-to-solid (L/S) ratios to observe the effects of this parameter on the 
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scaling and granule properties, whereas all experiments on the 27 mm extruder were conducted 

at 26% L/S ratio; the higher L/S was not necessary to examine on the 27 mm because the 

extruder allows sufficient liquid saturation during granulation. A design of experiments was 

employed to examine the impacts of process parameters (powder feed rate and screw speed) 

and the size of the extruder on the granule properties. For both extruders, screw speeds and 

powder feed rates were varied as described in Table 3.2, Table 3.2, and Table 3.3, based on the 

two dimensionless parameters described in the next section. Initially, the wet granulation 

experiments were performed on the smaller extruder (18 mm), and then scaled up on the larger 

extruder (27 mm).  

3.3 Developing Scaling Rules Using Dimensional Analysis 

Scaling rules for granulators are commonly desired by regulatory authorities and 

pharmaceutical companies to maintain consistency within their processes and produce uniform 

granules over time. In this study, the geometric similarity was maintained between the 18 mm 

and 27 mm twin-screw extruders by being made by the same vendor and using identical screw 

designs, whereas kinetical and dynamical similarities were maintained by adjusting their 

processing parameters individually based on two important dimensionless numbers, the 

Reynolds number, and the Péclet number. These dimensionless numbers were employed to 

develop scaling rules and improve understanding of powder mixing and granular growth. In 

other words, Reynolds number (Re) and Péclet number (Pe) were maintained at the same level 

for both extruders to retain dynamic and kinematic similarities. In this study, the above two 

sizes of twin-screw extruders (TSE) were compared to assess the scalability of granule 

properties involving particle size distribution (PSD) with its moments (d90 and span), and 

granule fracture strength.  
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Process variables related to these dimensionless parameters that were varied during 

scaling between the two twin-screw extruders are D, L, Dh, N, U, mp, ml, L/S, ρb, µ; where D 

is the barrel diameter, L is the barrel length, Dh is the hydraulic diameter for the flow path, N 

is the screw speed, U is the axial velocity of powders, mp and ml are the mass flow rates of 

powders (formulation) and liquid, L/S is the liquid-to-solid ratio, ρb is the bulk density of 

powder mixture, ρl is the density and µl is the dynamic viscosity of liquid binder. The final 

granule properties which were evaluated after granulation experiments include particle size 

distribution (PSD) with its moments (d90, span), and granule fracture strength (τ). In this study, 

the following functions were generated: 

PSD(d90, span) = f1(D, L, Dh, N, U, mp, ml, L S⁄ , ρb, ρl, µ𝑙 … )          (1) 

τ = f2(D, L, Dh, N, U, mp, ml, L S⁄ , ρb, ρl, µ𝑙 … )                           (2) 

Using the principles of dimensionless analysis, the above two equations can be rewritten as: 

PSD(d90,span)

D
= g1(Re, Pe,

L

D
, DF, … )                                      (3) 

τ

D
= g2(Re, Pe, PFN,

L

D
, DF, … )                                           (4)  

where Reynolds number was calculated as: 

Re = 
ρbUDh

µwp
           (5) 

And Péclet number was determined as: 

Pe = 
ρbUDh

2

mp
          (6) 

And DF is the degree of fill, which was determined as: 

DF = 
Q𝑚 x MRT

Vf
                                      (7) 
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where Qm is the total volumetric flow rate of both powder and liquid (calculated by 
mp

ρm
 and 

ml

ρl
), 

Vf is the free volume of the screw, and MRT is the mean residence time, which was 

experimentally determined as discussed in the next section. 

The viscosity of wet powders (µwp) was determined considering the rheology of 

particle-liquid suspensions [59], [60]. During wet granulation, when the liquid binder (liquid 

phase) was added to the powder bed (solid phase) it formed a suspension of powdered particles 

in a low-viscosity matrix. For dilute suspension (φs<1 and J<0) the viscosity of wet powder 

was calculated by: 

µwp = µl (1-
𝜑𝑠

𝐽
) = µl (1+2.5φs)

 [where J=-0.4]    (8) 

where µl is the dynamic viscosity of liquid binder (3 mPa-s), φs is the volume fraction of solid 

powders (0.84 for 26% L/S ratio and 0.82 for 30% L/S ratio) and J is the microstructural 

parameter which is dependent on the shape and distribution of the phases (liquid and solid). 

The volume fraction of solid powders was determined as follows: 

φs =
Vs

Vs+Vl
 = 

mp

ρp
mp

ρp
 + 

ml
ρl

     (9) 

where Vs is the volumetric flow of powders, Vl is the volumetric flow of liquid, mp is the 

powders feed rate (g/min), ml is the liquid flow rate (ml/min), ρs is the bulk density of powders 

(0.57 g/cm3) and ρl is the density of the binding liquid (1.08 g/cm3). 

 To determine the viscosity of the wet powder, the dilute suspension model was 

considered because wet powder viscosity in this study had low significance and dominance for 

the calculation of the Reynolds number. In pharmaceutical wet granulation studies, no 
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appropriate method was available to quantify the viscosity of wet powder matrix and hence 

Einstein’s viscosity equation was considered in this case as a model that handled volume of 

solids and the viscosity of the liquid binder even though it is meant for dilute suspensions; since 

the liquid-to-solid ratio was not the focus of the study (though it was varied between two states), 

it was felt that this model was sufficient for the calculations. 

For the determination of Re and Pe, the axial velocity of powders [61] was calculated 

as U = ℷ*N; where ℷ is the weighted-average pitch of the screw (16 mm for the smaller extruder 

and 30 mm for the larger extruder). The hydraulic diameter (Dh) of the flow path was calculated 

as Dh = Do-Di; where Do is the screw diameter and Di is the diameter of the screw shaft. The 

value of Dh was calculated as 11 mm for the smaller extruder (18 mm) and 15 mm for the larger 

extruder (27 mm). The axial velocity of powders was determined based on one screw to study 

the segmented motion of the powders on one path. 

The setup of processing parameters was made based on the above-mentioned 

dimensionless numbers as shown in Equations (5)-(6) and stipulated in Table 3.2, Table 3.3, 

and Table 3.4. The degree of fill (DF) for 18 mm and 27 mm twin-screw extruders were 

calculated from the mean residence time (MRT) as shown in Equation (7). For both 18 mm and 

27 mm extruders, the calculated degree of fill (DF) was modeled as a regression fit for powder 

feed rate and screw speed to develop a predictive approach for estimating the degree of fill 

(DF).  

Table 3.2 Design of experiments for 18 mm twin-screw extruder for 26% L/S ratio.  

Exp. No. Screw speed 

(rpm) 

Powder feed 

rate (kg/h) 

Re Pe 

1 100 0.5 0.180 13.242 

2 100 0.8 0.180 8.276 



 

21 

 

 

 

 

 

Table 3.3 Design of experiments for 18 mm twin-screw extruder for 30% L/S ratio.  

 

 

 

Table 3.4 Design of experiments for 27 mm twin-screw extruder for 26% L/S ratio.  

 

 

 

 

 

 

Each experiment described in Table 3.2, Table 3.3, and Table 3.4 had three samples 

collected from the exit of the extruder to be used as repeats for assessment of uncertainty. In 

the design of experiments, the Reynolds number (Re) and Péclet number (Pe) were selected 

based on the physical operating limits of the machine; higher Re or lower Pe would create 

jamming problem for the 18 mm twin-screw extruder, which had less available space inside 

the barrel for powder. 

3 100 1.1 0.180 6.019 

4 100 1.4 0.180 4.729 

5 200 1.0 0.360 13.242 

6 200 1.6 0.360 8.276 

7 200 2.2 0.360 6.019 

8 200 2.8 0.360 4.729 

9 300 1.5 0.541 13.242 

10 300 2.4 0.541 8.276 

Exp. No. Screw speed 

(rpm) 

Powder feed 

rate (kg/h) 

Re Pe 

1 100 0.5 0.184 13.242 

4 100 1.4 0.184 4.729 

5 200 1.0 0.367 13.242 

8 200 2.8 0.367 4.729 

Exp. No. Screw speed 

(rpm) 

Powder feed 

rate (kg/h) 

Re Pe 

1 39 0.7 0.180 13.242 

2 39 1.9 0.180 4.729 

3 78 1.4 0.360 13.242 

4 78 3.8 0.360 4.729 

5 117 2.0 0.541 13.242 

6 117 5.7 0.541 4.729 
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3.4 Measurement of Residence Time 

Residence time distribution (RTD) was measured to examine the axial mixing for both 

twin-screw extruders. Mean residence time (MRT) was calculated from its RTD to determine 

the degree of fill for smaller and larger extruders. During the wet granulation experiments, two 

extruders were run with the same formulation at varying flow rates and screw speeds to produce 

granules. The extruders were stabilized for half an hour before and after performing each 

experiment. A camera was placed at the delivery end of the extruders to capture a stream of 

granules exiting the extruder barrel under fixed light conditions. After starting each experiment, 

the granulation process was allowed to reach a steady state for three minutes and then 0.6 grams 

of cocoa powder (dye tracer) was added as a pseudo-Dirac pulse into the feed zone. Initially, 

the existing granules were colorless and then colored with cocoa powder. The recording 

continued until the colored granules became colorless again. Afterward, images on a ten-

second interval were extracted from each recording by a VLC media player software and then 

analyzed by Image J image-analysis software (NIH, USA) to determine the color intensity of 

every image. The color intensity was assumed to be linearly correlated with the concentration 

of the tracer. Mean residence time (MRT) was calculated by using the following equation.  

MRT =Σ (t*E(t))       (10) 

where t represents the time in second and, 

E(t) =  
Red Intensityt

Σt=0
t  Red Intensity

=  
c(t)

∫ c(t)dt
∞

0

    (11) 
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Figure 3.4. Measurement of mean residence time (MRT). 

The error for the calculation of MRT was assessed by determining a relative standard 

error (RSE). The RSE was determined by repeated studies within the Research group using the 

same technique for similar granulation materials, though there was no time in this study to 

make those assessments. 

3.5 Particle Characterization 

3.5.1 Analysis of Particle Size Distribution (PSD) 

Granules produced from the twin-screw extruders were collected and air-dried at room 

temperature for 48 hours before being analyzed for their size. A sieve shaker (ROTAP RX-29; 

W.S. Tyler, USA) was used to determine the PSD using a series of sieves (2100 μm, 1700 μm, 

1400 μm, 1180 μm, 850 μm, 500 μm, and 300 μm nominal openings) and a bottom pan. A 

granulated sample of 100 grams is classified into eight size fractions based on sieve sizes by 

constant mechanical agitation for five minutes to ensure complete separation of the particles. 

Then, the retained mass on each sieve is used to determine the PSD. The span is calculated 

from three particle size distribution moments (d10, d50, and d90) as follows: 

Span = 
(d90−d10)

d50
                              (12) 
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The errors for the calculation of moments of PSD (particle size and span) were assessed by 

determining a relative standard error (RSE).  

3.5.2 Determining Granule Fracture Strength  

Maintaining granule fracture strength is crucial for resisting pressure during 

compression for tableting. Moreover, the fracture strength of granules also affects the tensile 

strength of a tablet. In general, a tablet should have sufficient tensile strength to endure stresses 

caused by industrial production, shipping, and processing [62]. The Instron universal 

mechanical testing system was used to perform a confined uniaxial compression test on the 

granules to measure the compressive stress and compressive extension, which are beneficial 

for the calculation of fracture strength [36], [63]. A model 3366 bench-top mechanical testing 

system (Instron Corporation; Cantor, MA, USA) with a 5 KN load cell was used to determine 

the fracture strength of the granules. The equation described by Adams [64] was considered to 

determine the fracture strength (τ) of granules, confining the analysis to particles in the range 

of 850-1180 μm size (preferable size of producing solid oral dosages). Around 0.6 grams of 

granules were put into a bore die with a diameter of 11.05 mm and the die was then closed with 

a piston and compressed to a maximum load of 4200 N at a crosshead speed of 3.5 mm/min. 

The magnesium stearate powders were rubbed on the die surfaces after every three tests to 

maintain a gentle movement of granules during the fracture strength test. Three repeats were 

done on the same sample and the error for the estimation of τ was assessed by determining a 

relative standard error (RSE). 

3.6 Genetic Programming Model 

A Symbolic Regression (SR) technique was considered for the development of a 

genetic programming (GP) model. Each GP model (as shown in Figure 3.5) was developed 
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from two inputs such as Reynolds number (Re) and Péclet number (Pe) based on the measured 

granulation data (from 18 mm and 27 mm twin-screw granulators) to estimate d90, span, and 

granule fracture strength. Three GP fitting models for the 18 mm extruder and three models for 

the 27 mm extruder were developed in Python software using the gplearn library. At the first 

attempt, Shuffle Split cross-validation evaluated the whole granulation dataset during each 

iteration to generate a training set and a validation set. Two hyper-parameters, such as test_size 

and train_size regulated the size of the validation and training sets, where the entire dataset was 

split into 80% of the training set and 20% of the validation set. Ten splitting iterations (n_splits 

= 10) were set to improve the generalizability of the results, where the training process ensured 

all the test data was in the design window within the training set. Each GP model was 

configured based on four functions (log, exp, sin, and cos) and four arithmetic operations (plus, 

minus, times, and divide) to create simple mathematical equations.  

 

Figure 3.5. GP model for estimating d90, Span, and granule fracture strength. 

The efficiency of the GP model was affected by a set of model parameters such as 

population size, number of generations, tournament size, crossover rate, mutation rate, and 

reproduction, which combinedly controlled searching for an optimal solution. Table 3.5 lists 

the selected GP parameters during regression fitting. Artificial intelligence usually demands 

large datasets, which was not possible in this study;  the use of GP modelling in this study is 

meant for the purpose of proof-of-concept.  
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Table 3.5 The value of control parameters of GP used in this study. 

Parameter Set values 

Population size : 100-250-500 

Generations : 10-20-30 

Initialization method : Grow 

Initialization range : 2-8 

Tournament size : 3-5-7 

Crossover rate : 0.3-0.8 

Mutation rate : 0.05-0.2 

Reproduction : 0.05-0.1 

Fitness function : RMSE 

Constant range : -100 to 100 for d90 and -1 to 1 for Span and Fracture strength 

Functions & operations   : ‘plus’, ‘minus’, ‘times’, ‘divide’, ‘log’, ‘exp’, ‘sin’, and ‘cos’  
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CHAPTER 4: RESULTS & DISCUSSION 

4.1 Influence of Re and Pe on Mean Residence Time (MRT)  

  

Figure 4.1. Effect of Péclet number (Pe) with varying extruder barrel diameter (D) and 

Reynolds number (Re) on MRT at (a) L/S ratio = 26% and (b) L/S ratio = 30% [for D = 18 

mm with 26% L/S ratio, RSE for MRT = 1.4%, for D = 18 mm with 30% L/S ratio, RSE for 

MRT = 4.4%, and for D = 27 mm with 26% L/S ratio, RSE for MRT = 5.8%] 

Figure 4.1 shows the effect of Péclet number (Pe) on the MRT of the powder inside the 

barrel when the barrel diameter of the twin-screw extruder was different and Reynolds number 

(Re) was changed with varying screw speed and liquid fraction (liquid-to-solid ratio) during 

granulation. The breadth of the residence time distribution (RTD) curves is the extent of how 

broad or wide the curve is. For both extruders, the MRT of the powder increased because the 

breadth of the residence time distribution (RTD) curves became narrower for decreasing Pe 

and rising powder feed rate and liquid fraction (as shown in Appendix Figure A.1, A.2, A.3, 

and A.4). For both extruders, initially the MRT increased with decreasing Pe (rising powders 

feed rate) at the low Re and then demonstrated the opposite trend at the higher Re for both 

liquid fractions (as shown in Figure 4.1 and Appendix Figure A.6). This result agrees with the 
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findings of Dhenge et al. [23], where the authors sharply pointed out that the MRT extended 

with the powder flow rate and then it reduced for a greater flow rate. 

 The barrel diameter of twin-screw extruder had a significant effect on the RTD and the 

MRT of the powder (as shown in Figure 4.1 and Appendix Figure A.5). The analysis of RTD 

and MRT between the 18 mm and 27 mm extruders revealed that the distribution curves 

became flattened with powder feed rate, and the powders resided for a longer time inside the 

barrel of the larger machine because there was a greater free volume inside the machine 

compared to the smaller extruder. It was also noticed for smaller extruder that rising liquid 

fraction (from 0.26 to 0.30) increased the Re by reducing wet powder viscosity. It offered 

additional liquid inside the barrel and increased total amount of material which resulted 

narrower distribution and higher MRT at smaller Re. The opposite trend was observed at larger 

Re and this result also agrees with Dhenge et al. [23]. For smaller extruder, changing screw 

speed (from 100 rpm to 200 rpm) and Re (from 0.180 to 0.360) had the least impact on the 

RTD and the MRT of the powder. On the other hand, the MRT increased for the larger extruder 

with accelerating screw speed (from 39 rpm to 78 rpm) because of rising powder feed rate. 

Hence, it can be stated that the screw speed (and Reynolds number) had the minimum effect 

on the MRT of the powder for both extruders.  

For smaller extruder, the wet granulation experiments were performed with liquid-to-

solid ratio of 26% and 30% whereas for larger extruder the experiments were done considering 

26% liquid-to-solid ratio. Calculated MRT results from the 18 mm and 27 mm extruders were 

regressed with both the screw speed (SS) and powders feed rate (PFR) to evaluate their impacts 

on the MRT. The following equations were established where the values of R2 were revealed 

as 0.08, 0.37, and 0.62, respectively: 
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MRT18mm (26% L/S ratio) = -0.02 (SS) + 1.3 (PFR) + 46.1    (13) 

MRT18mm (30% L/S ratio) = -0.08 (SS) - 1.3 (PFR) + 65.0    (14) 

MRT27mm (26% L/S ratio) = -0.26 (SS) - 1.6 (PFR) + 88.1     (15) 

From the above three equations (Eq. 13 – 15), it was acknowledged that the powder feed rate 

(and Péclet number) had a greater contribution to the MRT, whereas the screw speed had a 

much smaller effect on the MRT.  

4.2 Estimating Degree of Fill (DF) from Mean Residence Time (MRT)  

The degree of fill (DF) is a unique parameter of twin-screw extrusion due to its starved 

operation, meaning that internal phenomena of mixing and compression for granulation are 

dependent on the process variables of both feed rate and screw speed. Any differences in 

behavior between the two extruders were due to their variation in free volume. The free volume 

inside the barrel of the 27 mm TSE (304 cm3) was much higher than that of the 18 mm TSE 

(68 cm3). The DF was calculated from MRT making the two as correlated descriptors of the 

process but its dependency on the geometry of the screws also makes it as a more important 

variable when concerned with scaling.  

Calculated DF from the MRT results of 18 mm extruder was regressed with both the SS and 

PFR to develop statistical models for DF for two liquid fractions (0.26 and 0.30). The 

regression results showed a strong linear relationship with R2 = 0.97 for the lower liquid 

fraction and R2 = 0.93 for the higher liquid fraction. The following two expressions were 

calculated: 

DF18mm (26% L/S ratio) = -0.01 (SS) + 35.5 (PFR) + 3.5       (16) 

DF18mm (30% L/S ratio) = -0.11 (SS) + 36.3 (PFR) + 22.9      (17) 



 

30 

 

Calculated DF from the MRT results of 27 mm extruder was also regressed with both SS and 

PFR to develop a statistical model for DF for a lower fraction of liquid (0.26). The regression 

results showed a strong linear relationship with R2 = 0.94. The model was established as: 

DF27mm (26% L/S ratio) = -0.07 (SS) + 9.2 (PFR) + 8.8      (18) 

From the three equations (Eq. 16 – 18), it was also obvious that the powder feed rate (and 

Péclet number) had a more control on the DF compared to the screw speed (and Reynolds 

number). The DF were predicted from the above three equations and compared with the actual 

DF (from the measured MRT) to determine the prediction ability (based on R2) of the three 

models.  

Table 4.1 Predicted and actual DF values for the 18 mm TSE and 27mm TSE 

Model 
SS 

(rpm) 
Re 

PFR 

(kg/h) 
Pe 

DF 

(actual) 

DF 

(predicted) 

Error 

(R2) 

Model 1: 

DF18mm (26% L/S ratio) 

100 0.180 0.5 13.242 15.5 20.1 

0.99 
100 0.180 1.4 4.729 52.5 52.0 

200 0.360 2.2 6.019 75.9 79.2 

300 0.541 2.4 8.276 86.6 85.1 
 

Model 2: 

DF18mm (30% L/S ratio) 

100 0.184 1.4 8.276 73.2 63.1 

0.95 200 0.367 1.0 13.242 43 38.0 

100 0.184 0.5 13.242 20.3 30.4 
 

Model 3: 

DF27mm (26% L/S ratio) 

39 0.180 0.7 13.242 9.4 12.7 

0.97 
78 0.360 3.8 4.729 34.6 38.8 

117 0.541 2.0 13.242 21.8 19.6 

117 0.541 5.7 4.729 54.5 53.8 

For smaller extruder, the prediction ability for 26% liquid-to-solid ratio (R2 = 0.99) was very 

similar to 30% liquid-to-solid ratio (R2 = 0.95). There was no significant difference noticed 
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between the prediction performance of the 18 mm and 27 mm extruders. For both extruders, 

the larger variation between the actual and predicted DF was observed at the lower flow rate 

whereas the smaller deviation between the two DF values was noticed at the higher flow rate 

of the material. 

4.3 Influence of Re and Pe on Degree of Fill (DF) 

  

Figure 4.2. Effect of Péclet number (Pe) with varying extruder barrel diameter (D) 

and Reynolds number (Re) on DF at (a) L/S ratio = 26% and (b) L/S ratio = 30% [for D = 

18 mm with 26% L/S ratio, RSE for DF = 8.3%, for D = 18 mm with 30% L/S ratio, RSE = 

17.1%, and for D = 27 mm with 26% L/S ratio, RSE = 6.6%] 

Figure 4.2 shows the influence of Péclet number (Pe) on DF inside the barrel when the 

barrel diameter of the extruder was different and Reynolds number (Re) varied (because of 

increased screw speed and higher liquid fraction). It was observed for all extruders that the DF 

increased significantly with decreasing Pe and increase of powder feed rate. For smaller 

extruder, the increase in DF with powder feed rate was more obvious compared to the larger 

extruder because of difference in free volume inside the two extruders. The same trend was 

noticed for all Re when the feed rate of the powder was increased (as shown in Figure 4.2(a)). 

Under a specific powder flow rate, the conveying capacity of the screws usually improve 
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because of increasing screw speed, which reduces the DF inside the barrel. In this study, 

increasing Re (from 0.180 to 0.360) or accelerating screw speed (from 100 rpm to 200 rpm) 

increased the DF because of rising total flow rate inside the extruders (as shown in Figure 

4.2(a)). Hence, it can be stated that the screw speed or the Re had the least effect on the DF. 

For 18 mm extruder, rising liquid fraction (from 0.26 to 0.30) increased the Re by reducing wet 

powder viscosity. The DF also raised up with the liquid fraction, as there was additional liquid 

inside the barrel which increased the total material flow rate during granulation process (as 

shown in Figure 4.2(b)). A significant impact of DF on the PSD and granule fracture strength 

has been revealed and described in the next section. 

4.4 Influence of Re and Pe on d90 and Span of PSD 

  

Figure 4.3. Effect of Péclet number (Pe) with varying L/S ratio (%) and Reynolds number 

(Re) on (a) d90 and (b) Span [for D = 18 mm with 26% L/S ratio, RSE for d90 & Span =46% 

& 0.2% and D = 18 mm with 30% L/S ratio, RSE for d90 & Span =24% & 0.2%] 

Figure 4.3 shows the effect of Péclet number (Pe) on d90 and span while the fraction of 

liquid and Reynolds number differed for wet granulation in the 18 mm extruder. For all powder 

feed rates, the distributions of granule size were bimodal (as shown in Appendix Figure A.7), 
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which included the presence of a high percentage of both small- and large-size granules. 

According to Dhenge et al. [23] and Osorio et al. [1], the bimodal distribution can be changed 

to monomodal with increasing liquid fraction, though only bimodal distributions were observed 

in this study for the two liquid fractions considered (as shown in Appendix Figure A.10); the 

increase in liquid fraction from 0.26 to 0.30 was not adequate to reach the monomodal 

distribution. For smaller extruder, the increase in powder feed rate (from 0.5 kg/h to 2.8 kg/h) 

and decrease of Pe (from 13.242 to 4.729) reduced the proportion of fines and increased the 

proportion of large granules for both liquid fractions (as shown in Appendix Figure A.10). This 

result agrees with Osorio et al. [1].  

It was also noticed in the figure that the d90 increased with a decrease in Pe or an increase 

in powder feed rate for either liquid fraction studied (as shown in Figure 4.3(a)). The powder 

feed rate largely determined the degree of fill inside the twin-screw extruder, with increasing 

fill leading to greater compaction of the powders and hence, rise in d90. This result agrees with 

the result of Djuric et al. [16]. Shifting screw speed (from 100 rpm to 200 rpm) also increased 

the d90 along with the total feed rate, though it had a much smaller effect on the wet granulation 

process. Besides, the d90 reduced with an increase in the fraction of liquid and it agrees with 

the result of Dhenge et al. [23]. The exception was only observed for lower Re at higher Pe, 

where rising the liquid fraction (from 0.26 to 0.30) increased the value of d90 and it agrees with 

Osorio et al. [1].  

For lower fraction of liquid, the span of PSD decreased from 3.6 to 2.6 with powder 

feed rate at smaller Re, whereas no change in the span was observed at larger Re. Besides, for 

the higher liquid fraction, there were no significant changes in the span of PSD (as shown in 

Figure 4.3(b) and Appendix Figure A.12). In other words, the span of PSD was consistent for 
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both liquid fractions when the Re was higher, though a reason for the deviation in span for 

smaller Re at the lower liquid fraction could not be found. 

  

Figure 4.4. Effect of Péclet number (Pe) with varying extruder barrel diameter (D) and 

Reynolds number (Re) on (a) d90 and (b) Span (for 26% L/S ratio) [for D = 27 mm, RSE for 

d90 & Span =28% & 0.6%] 

Figure 4.4 shows the effect of Péclet number (Pe) on the d90 and span of PSD when the 

Reynolds number (Re) were varied during wet granulation in the larger extruder. For 27 mm 

extruder, both the percentage of fines and large granules increased with powder feed rate. 

Rising powder feed rate (from 0.7 kg/h to 3.8 kg/h) and decreasing Pe (from 13.242 to 4.729) 

produced granules with broader distribution (as shown in Appendix Figure A.9). Comparing 

the two extruders demonstrated that a higher percentage of fines was obtained for the small-

scale extruder (as shown in Appendix Figure A.11). A reason for this could be a small gap (0.3-

0.7 mm) between the surfaces of inner barrel and screw in the 18 mm extruder which led to 

more efficient breakage and produced a greater proportion of fines. For the selected 

formulation, the d90 was significantly affected by the powder flow rate compared to other 

moments of the PSD. The same formulation was granulated on both extruders, although the 

extruder scale had a meaningful impact on the granule properties. The granules produced by 
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the 27 mm extruder were coarser than the 18 mm extruder (as shown in Figure 4.4(a)). The 

barrel diameter and the size of the granule (d90) increased almost linearly. For larger extruder, 

a higher consolidation rate and more liquid saturation during granulation could be a reason for 

the increase of d90. This result also agrees with the findings of Djuric et al. [16] and Osorio et 

al. [1]. Rising powder feed rate increased in the proportion of large-size granules for the 27 

mm extruder, as the greater DF in the extruder barrel caused more densification.  

For larger extruder, the span of PSD significantly increased because of rising the 

granule size (d90) compared to the smaller extruder (as shown in Figure 4.4(b) and Appendix 

Figure A.13). The variations in the consolidation and agglomeration behavior between the two 

extruders could make these differences in the granule size and span of PSD. 

4.5 Influence of Re and Pe on Fracture Strength of Granules 
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Figure 4.5. Effect of Degree of fill (DF) and Reynolds number (Re) on Fracture strength (FS) 

with D = 18 mm at (a) L/S ratio = 26% and L/S ratio = 30% [for 26% L/S ratio, RSE for FS 

= 0.4% and for 30% L/S ratio, RSE for FS = 0.1%] 

Figure 4.5 demonstrates the effect of DF and Re on granule fracture strength when wet 

granulation was performed with different fractions of liquid in the 18 mm extruder. For lower 

liquid fraction, the fracture strength of granules at smaller Re (100 rpm screw speed) increased 

with the DF because of increased capillary action in the presence of many powdered particles. 

At the larger Re (screw speed of 200 rpm), the fracture strength of granules reduced with 

increasing DF because there might have lower capillary saturation to form stronger granules. 

On the other hand, a higher liquid fraction decreased the apparent viscosity of the wet powders 

which increased Re and improved the fracture strength for all conditions. A reason for this 

could be the slurry saturation for added liquid which led to interlocking many of the primary 

(fine) particles together and thus produced stronger granules. This result also agrees with the 

findings of both Osorio et al. [1] and Dhenge et al. [23].  
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Figure 4.6. Effect of Degree of fill (DF) and Reynolds number (Re) on Fracture strength (FS) 

with L/S ratio = 26% at D = 27 mm [for D = 27 mm, RSE for FS= 0.2%] 

Figure 4.6 shows the effect of DF and Re on granule fracture strength with lower liquid 

fraction when the wet granulation experiments were performed in the 27 mm twin-screw 

extruder. The increasing strength of the granules was caused by the increasing DF at higher 

powder feed rates. For smaller extruder, the granule fracture strength increased with DF at 

smaller Re, though the strength decreased with a further increase of DF at higher Re. Besides, 

the fracture strength increased with DF for all Re for the larger extruder. The fracture strength 

of granules produced from the two extruders were not the same, as the free volume inside the 

extruder barrel and compaction of the powders were different. Smaller extruder produced 

stronger granules whereas the larger extruder formed granules with poor strength.  
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Figure 4.7. Effect of Péclet number (Pe) with varying (a) L/S ratio (%) and (b) extruder 

barrel diameter (D) on Fracture strength (FS) [for D = 18 mm with 26% L/S ratio, RSE for 

FS = 0.4%, for D = 18 mm with 30% L/S ratio, RSE for FS = 0.1%, and for D = 27 mm with 

26% L/S ratio, RSE for FS = 0.2%] 

Figure 4.7 shows the effect of Péclet number (Pe) on granule fracture strength with 

varying liquid fraction and extruder barrel diameter. The fracture strength of the granules 

increased for decreasing Pe (from 13.242 to 4.729) and rising powder feed rate. For both 

extruders, higher powder feed rate compacted the powders inside the extruder barrel and 

formed stronger granules. This result agrees with Fu et al. [65], who noticed in a batch high-

shear mixer that if granulations are done for a long time, the strength still increases. The 

compaction of the powder was higher inside the barrel of 18 mm extruder, which produced 

stronger granules compared to the larger extruder. This result also agrees with the findings of 

Dhenge et al. [23]. It is obvious that the powder feed rate (and Péclet number), Reynolds 

number, degree of fill, liquid-to-solid ratio, and scales of the twin-screw extruder had 

significant control on the fracture strength of granules. 
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4.6 Establishing Scaling-Up Rules for TSWG 

4.6.1 Results of GP 

This project involved use of a GP based Symbolic regression optimized tool to develop 

the following three fitting equations with associated tree diagrams (as shown in Appendix 

Figure A.14) for the 18 mm twin-screw extruder to estimate d90, span of PSD, and fracture 

strength (FS) of granules, where the correlation coefficient R-squared (R2) values calculated 

from the GP fitting process were reflected as 0.23, 0.11, and 0.55, respectively: 

𝐝𝟗𝟎(𝟏𝟖𝐦𝐦) = 0.6 ∗ Re2 − (Re + 26.7)(Pe − 57.3) + log
10

(69 ∗ Re) + 61.6              (19)              

𝐒𝐩𝐚𝐧(𝟏𝟖𝐦𝐦) = 2 ∗ Re + sin(Re + 0.9) + sin(2 ∗ Re − sin(cos (Pe + cos(Re))) +  0.9) + 0.9   (20) 

𝐅𝐒(𝟏𝟖𝐦𝐦) = −log10(Re) +  log10(Pe) + log10(ePe − log10(Re) + log10(Pe))                 (21) 

GP also developed the following three fitting equations with related tree diagrams (as shown 

in Appendix Figure A.15) for 27 mm extruder to predict d90, span of PSD, and granule fracture 

strength (FS), where R2 values were observed as 0.60, 0.98, and 0.63, correspondingly: 

𝐝𝟗𝟎(𝟐𝟕𝐦𝐦) = Pe2 + (Re + 26.3)(−Re + eRe + 48.8) + eRe             (22) 

𝐒𝐩𝐚𝐧(𝟐𝟕𝐦𝐦) = cos(Re) + cos(Re2) + cos(cos(−Re + Pe + sin(sin(Pe2)))) + 2.4             (23)               

𝐅𝐒(𝟐𝟕𝐦𝐦) = 0.3 ∗ Re − log10 (log10(0.5 ∗ ePe + 0.8)) + 2.7                              (24) 

By selecting appropriate values of control parameters and based on the root mean 

squared error (RMSE) as fitness function, GP generated the above six optimal mathematical 

expressions for both small and large extruder. The model which offered the lowest RMSE, and 

the highest R2 values was chosen as the best model in each case. All GP-derived equations (Eq. 

19 – 24) exhibited a nonlinear nature between the dependent variables (d90, span & fracture 

strength) and the independent variables (Re and Pe). It was observed from Eq. (19) that the Re 
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had a larger positive effect and the Pe had a negative effect on the granule size (d90) for the 

smaller extruder. For larger extruder, the Eq. (22) revealed that the Pe now influenced the d90 

more than the Re. Considering the span of PSD, there was a considerable positive effect of Re 

on the breadth of PSD in the smaller extruder (Eq. 20). For larger extruder, the Re and Pe 

positively impacted the span value (Eq. 23). Finally, from Eq. (21) and Eq. (24), it was realized 

for the smaller extruder that the Re had a negative effect, but the Pe had a positive effect on the 

fracture strength of granules whereas the Pe had a negative effect but the Re had a positive 

effect for the larger extruder.  

By comparing between the two equations of d90 (Eq. 19 & Eq. 22), it was observed that 

both the equations were simpler (in regard to number of terms and the implied non-linearity of 

those terms). For the larger extruder, the predictive performance of the model was better (R2 = 

0.60) indicating good representation of the relationship between the upper moment of the PSD 

(d90) and the two dimensionless numbers when compared to the smaller extruder (R2 = 0.23); 

this was likely due to the greater sensitivity of d90 to operating variables in the 27 mm TSE, 

making one specific arrangement of expressions in the equation for GP more apparent. The 

two equations for span of PSD (Eq. 20 & Eq. 23) were simpler, though the fit of the equation 

for the larger extruder was better (R2 = 0.98) than for the smaller extruder (R2 = 0.11). The 

equations of granule fracture strength for small-size and large-size extruders (Eq. 21 & Eq. 24) 

were also simpler though the fit of the equation for the larger extruder was better (R2 = 0.63) 

when compared to the smaller extruder (R2 = 0.55). 



 

41 

 

 
 

(a) (b) 

Figure 4.8. Interaction between input parameters based on Pearson correlation for (a) D = 

18 mm and (b) D = 27 mm. 

All GP-derived mathematical equations (Eq. 19 – 24) showed moderate to strong 

correlations between the examined dimensionless independent variables (Re and Pe) and 

dependent variables (d90, Span, and granule fracture strength). The correlation analysis (as 

shown in Figure 4.8) showed that the Re had a greater influence on d90, span, and fracture 

strength for smaller extruder (D = 18 mm) when compared to the larger extruder (D = 27 mm). 

On the contrary, Pe had a larger impact on the d90, span, and fracture strength of granules for 

the 27 mm extruder.  

Two dimensionless numbers including Re and Pe were fixed in this study to scale up 

the wet granulation system from 18 mm to 27 mm extruder. For smaller extruder, the Re (0.180, 

0.360, and 0.541) calculated based on varying screw speed (100 rpm, 200 rpm, and 300 rpm) 

were constant for the larger extruder to examine the scalability of TSWG on the machine. The 

Pe (13.242, 8.276, 6.019, and 4.729) calculated based on changing material flow rate under a 

fixed screw speed was constant to determine new powder flow rates for different screw speeds. 

The correlation analysis revealed that the DF was greatly influenced by the Péclet number (and 



 

42 

 

powder feed rate), Reynolds number (and screw speed), and the scale of the two extruders. The 

following statistical regression equations were found for this relationship between DF and the 

operating factors of Re and Pe, with R2 values observed as 0.92 and 0.94, respectively: 

DF18 mm = 133.5 (Re) - 6.1 (Pe) + 67.8       (25) 

DF27 mm = 51.0 (Re) - 2.9 (Pe) + 34.9       (26) 

For small-size extruder, there was fairly positive correlation (0.50) between the Re and the DF 

whereas the Pe had a strong negative correlation (-0.62) with the DF. For large-size extruder, 

the Re had a moderate positive correlation (0.51) with the DF and the Pe had a very strong 

negative correlation (-0.83) with the DF. This means, the DF inside the extruder barrel 

increased with the Re but significantly decreased with the Pe for reducing powder flow rate 

which greatly impacted the granulation properties (d90, span, and fracture strength) on the 

small- and large-size machines.  

Sensitivity analysis was performed to understand the functional relationship between 

each of the independent factors (Re and Pe) and the dependent factors (d90, span, and fracture 

strength); testing for sensitivity indicates which dimensionless number and its related 

operational variables mattered the most to the granulated product. A realistic evaluation range 

for Re (0.09 – 0.54) and Pe (7.4 – 13.0) was identified based on the calculation of degree of fill 

(when DF values were positive and not exceeding 100%) for both extruders using Eq. 25 and 

26. 

The contour plots shown in Figures 4.9 – 4.11 are given to demonstrate the sensitivities 

of the GP-derived equations as Re and Pe were altered within their stated limits for the two 

extruders. 
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(a) (b) 

Figure 4.9. Contour plots of Granule size (d90) versus the Re and Pe for (a) 18 mm TSE and 

(b) 27 mm TSE on the basis of regression equations generated via Genetic programming. 

Figure 4.9 demonstrates the contour plots of granule size (d90) for the 18 mm and 27 

mm twin-screw extruders where the plots of d90 revealed strong linear behavior in both cases. 

It was observed that both Pe and Re contributed equally to the larger granule sizes, denoted by 

d90, though their influence was completely opposite one another between the two machines.  

Increasing Re had a positive effect in the 18 mm extruder and a negative effect in the 27 mm 

extruder. Conversely, increasing Pe had a negative effect in the 18 mm extruder and a positive 

effect in the 27 mm extruder.   

  
(a) (b) 
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Figure 4.10. Contour plots of Span of PSD versus the Re and Pe for (a) 18 mm TSE and (b) 

27 mm TSE on the basis of regression equations generated via Genetic programming. 

Figure 4.10 illustrates the contour plots of span for the small and large twin-screw 

extruders as Re and Pe were tested over their stated ranges. It was noticed that the span was 

much more sensitive to Re compared to Pe in the 18 mm extruder and in the case of the 27 mm 

extruder, span was close to being completely insensitive to Re.  

  
(a) (b) 

Figure 4.11. Contour plots of fracture strength versus the Re and Pe for (a) 18 mm TSE and 

(b) 27 mm TSE on the basis of regression equations generated via Genetic programming. 

Finally, Figure 4.11 demonstrates the contour plots of granule fracture strength for 

small- and large-size extruders when Re and Pe were tested over their stated ranges. For the 

larger extruder, both Re and Pe influenced fracture strength of the granule. As expected, the 

influence of changing Re and Pe on increasing fracture strength correspondingly produced 

small d90 values in this machine. In the 18 mm extruder, Pe had a significant effect on fracture 

strength, and the same was true for Re but only at low values; for Re of 0.4 and above, fracture 

strength showed diminishing sensitivity to this dimensionless number. 
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With sensitivity of the dimensionless numbers established above, we now examine the 

reasonableness of predictions by the six GP fitting equations using experimental data, as listed 

in Table 4.2 and Table 4.3.  

Table 4.2 External validation set for the 18 mm TSE to test the predictive ability of GP. 

Factor Observed value Predicted value 

Re Pe d90 (µm) Span 
Fracture 

strength (MPa) 
d90 (µm) Span 

Fracture 

strength (MPa) 

0.345 6.389 1675 3.4 3.4 1440 3.3 4.0 

0.345 4.259 2100 4.9 4.3 1498 3.4 2.9 

0.517 9.583 1550 3.4 6.5 1362 3.6 5.4 

0.517 6.389 1975 5.3 3.4 1449 3.8 3.9 

Table 4.3 External validation set for the 27 mm TSE to test the predictive ability of GP. 

Factor Observed value Predicted value 

Re Pe d90 (µm) Span 
Fracture 

strength (MPa) 
d90 (µm) Span 

Fracture 

strength (MPa) 

0.718 12.103 1375 3.6 0.9 1503 4.6 2.2 

0.718 6.051 1300 4.3 3.8 1393 5.0 2.5 

1.080 13.643 1600 3.0 2.1 1577 4.0 2.3 

1.080 6.822 1350 3.8 2.7 1437 3.8 2.6 
 

***External dataset (observed values) for validation in the tables above were collected from the M.ASc. 

Thesis of Zequn Shi (September 2022), Department of Chemical Engineering, McMaster University.    

The following six plots demonstrated the observed versus predicted values for the above six 

fitting equations based on whole data set. 
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Figure 4.12. Scatter plots of observed versus predicted d90, Span, and Fracture strength (FS) 

of granules by the GP models for 18 mm TSE and 27 mm TSE. Line included for clarity. 

Figure 4.12 shows the scatter plots and R2 values for the four sets of conditions (as 

shown in Tables 4.2 & 4.3) with the two extruders. Data lining up along a 45-degree line 
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projecting from the origin in each plot would reveal a perfect fit. It was noticed in the small-

size extruder that the fit for the granule fracture strength was better than the d90 and span of 

PSD. In the large-size extruder, the fits for the d90 and span were better than the fracture 

strength of granules. The size of the error for the d90 in the 18 mm and 27 mm extruders were 

almost similar (R2 = 0.81 & 0.86) as the d90 in the two machines had the same sensitivity to the 

dimensionless numbers (Re and Pe). The error size for the span in the smaller extruder (R2 = 

0.23) was more than the error size in the larger extruder (R2 = 0.41). The reason for this could 

be the span that was sensitive to Re but mostly insensitive to Pe in the 18 mm machine although 

in the 27 mm it was insensitive to both of the dimensionless parameters. This means, the effect 

of Re on the span in the 18 mm extruder was more than the Pe which led to more changes in 

the predicted values of span when the Re was varied and resulted larger error when compared 

to the 27 mm extruder. The size of the error for the granule strength in the larger extruder (R2 

= 0.70) was lower than the error size in the smaller extruder (R2 = 0.51). The reason for this 

could be the strength of the granule which was sensitive to Pe but insensitive to Re in the 27 

mm extruder where it was mostly sensitive to Pe compared to the Re in the 18 mm extruder. 

The influence of Pe on the granule strength in the 18 mm extruder was higher than the Re 

which led to drastic changes in the predicted values of strength when the Pe was varied and 

caused greater error as compared to the 27 mm extruder. Overall, the fits for the granule 

properties in the two extruders were appeared to be moderate above and the error size in the 

two machines were varied because of unusual sensitivity of the GP equations to the 

dimensionless numbers. The predictability of the GP was also less because of using limited 

data for GP modelling.  
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4.6.2 Proposed Scaling Rules 

The fitted equations stipulated above can be potentially employed to formulate granules 

under the general viewpoint of QbD product development. It will also help to create a standard 

processing window to identify a suitable product design space and control the approach. The 

following scaling rules have been established from the Eq. 19 – 24:   

D18mm

D27mm
=

D90(18mm)

D90(27mm)
=

0.6∗Re2−(Re+26.7)(Pe−57.3)+log10(69∗Re)+61.6  

Pe2+(Re+26.3)(−Re+eRe+48.8)+eRe   
          (27)  

D18mm

D27mm
=

Span(18mm)

Span(27mm)
=  

2∗Re+sin(Re+0.9)+sin(2∗Re−sin(cos (Pe+cos(Re)))+ 0.9)+0.9

cos(Re)+cos(Re2)+cos(cos(−Re+Pe+sin(sin(Pe2))))+2.4
   (28) 

D18mm

D27mm
=

FS(18mm)

FS(27mm)
=  

−log10(Re)+ log10(Pe)+log10(ePe−log10(Re)+log10(Pe))   

0.3∗Re−log10(log10(0.5∗ePe+0.8))+2.7 
              (29)                                      

Beside the Re and Pe, the DF was identified as an important aspect of granulation in 

this study, though it was not fixed unlike Re and Pe. For an efficient scale-up on the twin-screw 

extruder, it now seems likely that the DF should be considered as another dimensionless 

number that should be constant between the two sizes of extruders being scaled. The following 

table (Table 4.4) considered the identical DF for the two twin-screw extruders to examine the 

scalability of TSWG on the machine and understand the effect of scaling on the granule 

properties (d90 span and granule fracture strength). The values of Re and Pe were determined 

from the Eq. 25 & Eq. 26 and the d90, span and fracture strength were predicted from the Eq. 

27 – 29.  

Table 4.4 Effect of scaling on the d90, span and granule fracture strength         

DF (%) Re Pe 
D90 (µm) 

(Predicted) 

Span 

(Predicted) 

Fracture strength 

(MPa) 

(Predicted) 
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18 mm 

TSE 

27 mm 

TSE 

18 mm 

TSE 

27 mm 

TSE 

18 mm 

TSE 

27 mm 

TSE 

18 mm 

TSE 

27 mm 

TSE 

5 0.10 12.48 12.07 1264 1462 2.4 5.0 7.5 5.8 

10 0.20 13.85 12.10 1232 1468 3.1 4.9 7.9 6.2 

25 0.35 14.68 9.57 1216 1422 3.2 5.0 8.0 6.5 

40 0.45 14.41 6.16 1228 1375 3.3 4.9 7.8 6.6 

50 0.50 13.86 3.59 1245 1353 3.5 4.8 7.5 6.8 

60 0.65 15.50 2.78 1207 1359 3.4 4.7 8.1 7.4 

75 0.80 16.33 0.24 1190 1363 3.9 4.5 8.4 8.4 

  

The following three plots exhibited the effect of scaling on the granule properties when the DF 

was assumed constant in the 18 mm and 27 mm twin-screw extruders.  
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Figure 4.13. Bar charts of DF versus Granule properties for 18 mm TSE and 27 mm TSE on 

the basis of scaling.  

Figure 4.13 shows the effect of processing with identical DF in the two extruders on 

the TSWG process. For both extruders, it was noticed that the granule size (d90) was reduced 

with the rise of DF at the same amount. The span of PSD was increased for the small-size 

extruder and decreased for the large-size extruder when the DF at the same level was increased. 

For smaller extruder, the granule fracture strength was increased for rising the DF inside the 

extruder barrel. Overall, the consistency in the granule size (d90), span, and fracture strength 

were increased when the DF was increased at the same level inside the barrel of the two 

extruders. From the above analysis, it can be pointed out that the effect of Péclet number and 

Reynolds number for scale-up of TSWG on the twin-screw extruder was helpful, but it could 

not make perfect understanding of scaling. On the other hand, the scaling worked well and 

brought more sense when the DF was fixed in the 18 mm and 27 mm twin-screw extruders. 
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CHAPTER 5: CONCLUSION 

The TSWG process allows continuous processing to produce consistent quality 

products and efficient scaling-up maintains that consistency within a process window and 

between different-sized machines. The present study analyzed the scaling possibility of 

granulation properties between two common sizes of twin-screw extruders in pharmaceutical 

manufacturing for a control formulation under certain conditions. This study was completed 

based on the process mechanisms involving compaction and mixing to develop a set of scaling 

rules, and the experimental findings of 18 mm and 27 mm twin-screw extruders. Two 

dimensionless parameters such as the Reynolds number and Péclet number were identified and 

examined for scaling of two geometrically similar extruders using a sustained release 

formulation. The kinetical and dynamical similarities of the two extruders were controlled by 

adjusting process parameters such as powder feed rate and screw speed based on the Reynolds 

number and Péclet number.  

Significant work was undertaken to understand the impact of powder feed rate, screw 

speed, liquid-to-solid ratio, and extruder size on the mean residence time of the particles, degree 

of barrel fill, granule size, particle size distribution, and granule strength. When other 

dimensionless parameters were taken constant, the extruder size had a meaningful effect on the 

granule properties with an almost linear relationship found between the extruder diameter and 

the granule size (d90). The dimensionless Reynolds number (and screw speed) seemed to have 

the least influence on the wet granulation process while the Péclet number (and powder feed 

rate) had the great influence on the granule properties for both small- and large-size extruders 

though it was mostly dependent on the degree of fill. The degree of fill calculated from the 

mean residence time of the particles appeared to cause the most significant changes in the 
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granule properties. Powder feed rate, extruder size, and liquid-to-solid ratio had meaningful 

influences on the degree of fill, mixing intensity, and compaction inside the extruder barrel, 

which controlled the d90, span of PSD, and fracture strength of granules. 

A core part of this thesis focused on establishing scaling rules based on Genetic 

programming, which developed symbolic regression models to explore important relationships 

between the two dimensionless groups and the granule properties. These fitting models 

revealed both linear and nonlinear behaviors in the relationships based on extruder diameter. 

A scaling law for d90 was chosen to represent PSD because the other moments showed little 

variations for varying process parameters. The sensitivity analysis identified a realistic 

evaluation range for the two dimensionless numbers which were varied between their extremes 

to observe different sensitivities in the d90, span, and fracture strength of granules for the two 

extruders. The extruder size greatly influenced the fits for the granule properties in the two 

machines, which was desired to have robust scaling rules, although the fits showed only 

moderate accuracy due to the limited amount of data available for GP modeling. Because of its 

significant contribution to the process, the degree of fill was identified as a vital aspect of 

granulation in this study which was assumed as constant between two extruders to analyze the 

impact of scaling laws as well as to examine how the scaling worked to retain consistency in 

the granule properties. The consistency in the granule properties was improved when the degree 

of fill at the same amount in the two machines was increased. The scaling rules developed from 

the Genetic programming to scale up the TSWG system from small-scale to large-scale allow 

for identifying the new powder feed rate and screw speed in advance to maintain uniformity in 

the processes and produce granules of desired quality. 
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The present work is essential to understanding the twin-screw wet granulation process, 

as the findings of the work have provided insight into the mechanism of the process as well as 

the mixing performance, which is a great use for further research to improve the understanding 

of the granulation process in the twin-screw extruder. The following recommendations are 

made for future work: 

 Comparing the scalability of the TSWG process on the twin-screw extruder using 

different formulations, correlating mixing intensity with granule properties, and 

establishing the scaling-up rules.    

 Comparing mixing performances of wet granulation on the twin-screw extruder with 

a varying screw configuration containing different angle kneading blocks and 

monitoring torque, process temperature, pressure, and exit temperature during 

granulation by combining PAT tools with the continuous process. 

 Correlating mixing performance with drug product quality attributes, such as 

compressibility, the strength of resultant tablets, and their dissolution rate, using 

appropriate formulations to fulfill the wide-ranging goal of QbD.  

 Introducing other AI tools such as Artificial neural networks and comparing them 

with GP for modeling the TSWG system to predict granule properties on different 

scales of the twin-screw extruder. 
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Appendix 

A.1 Influence of Re and Pe on Residence Time Distribution (RTD)  
 

  
 

Figure A.1. Effect of Powders feed rate (PFR) on RTD with D = 18 mm at (a) 100 rpm, (b) 

200 rpm, and (c) 300 rpm (for 26% L/S ratio) 

 

  

 Figure A.2. Effect of Powders feed rate (PFR) on RTD with D = 18 mm at (a) 100 

rpm and (b) 200 rpm (for 30% L/S ratio) 
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Figure A.3. Effect of Powders feed rate (PFR) on RTD with D = 27 mm at (a) 39 rpm, (b) 78 

rpm, and (c) 117 rpm (for 26% L/S ratio) 

  

Figure A.4. Effect of Reynolds number (Re) with varying L/S ratio (%) on RTD with D = 18 

mm at (a) Pe = 13.242 and (b) Pe = 4.729  

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 20 40 60 80 100 120 140 160 180

C
u

m
u

la
ti

ve
 (

%
)

Time (in sec)

PFR: 0.7 kg/h

PFR: 1.9 kg/h(a)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 20 40 60 80 100 120 140 160 180

C
u

m
u

la
ti

ve
 (

%
)

Time (in sec)

PFR: 1.4 kg/h

PFR: 3.8 kg/h(b)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 10 20 30 40 50 60 70 80 90 100

C
u

m
u

la
ti

ve
 (

%
)

Time (in sec)

Re: 0.180, L/S ratio: 26%
Re: 0.184, L/S ratio: 30%
Re: 0.360, L/S ratio: 26%
Re: 0.367, L/S ratio: 30%

(a)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 10 20 30 40 50 60 70 80 90 100

C
u

m
u

la
ti

ve
 (

%
)

Time (in sec)

Re: 0.180, L/S ratio: 26%
Re: 0.184, L/S ratio: 30%
Re: 0.360, L/S ratio: 26%
Re: 0.367, L/S ratio: 30%

(b)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 20 40 60 80 100 120 140 160 180

C
u

m
u

la
ti

ve
 (

%
)

Time (in sec)

PFR: 2.0 kg/h

PFR: 5.7 kg/h(c)



 

61 

 

  

 

Figure A.5. Effects of Extruder barrel diameter (D) and Péclet number (Pe) on RTD with 

26% L/S ratio at (a) Re = 0.180, (b) Re = 0.360, and (c) Re = 0.541 

A.2 Influence of Re and Pe on Mean Residence Time (MRT) 
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Figure A.6. Effect of Powder feed rate (PFR) and associated Péclet number (Pe) on MRT 

with D = 18 mm at (a) Re = 0.180, (b) Re = 0.360, and (c) Re = 0.541 (for 26% L/S ratio) 

[for D = 18 mm with 26% L/S ratio, RSE for MRT = 1.416] 

A.3 Influence of Re and Pe on Particle Size Distribution (PSD) 

 
 

 

Figure A.7. Effect of Degree of fill (DF) with varying Powder feed rate (PFR) on PSD with D 

= 18 mm at (a) Re = 0.180, (b) Re = 0.360, and (c) Re = 0.541 (for 26% L/S ratio) 
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Figure A.8. Effect of Degree of fill (DF) with varying Powder feed rate (PFR) on PSD with D 

= 18 mm at Re = 0.184 and Re = 0.367 (for 30% L/S ratio) 

  

 

Figure A.9. Effect of Degree of fill (DF) with varying Powder feed rate (PFR) on PSD with D 

= 27 mm at (a) Re = 0.180, (b) Re = 0.360, and (c) Re = 0.541 (for 26% L/S ratio) 
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Figure A.10. Effect of Reynolds number (Re) with varying L/S ratio (%) on PSD with D = 18 

mm at (a) Pe = 13.242 and (b) Pe = 4.729 

  

 

Figure A.11. Effect of Extruder barrel diameter (D) and Péclet number (Pe) on PSD with 

26% L/S ratio at (a) Re = 0.180, (b) Re = 0.360, and (c) Re = 0.541 
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A.4 Influence of Re and Pe on d90 and Span of PSD 

 

 

Figure A.12. Effect of Degree of fill (DF) and Reynolds number (Re) on d90 and Span with D 

= 18 mm at (a) 26% L/S ratio and (b) 30% L/S ratio [for 26% L/S ratio, RSE for d90 & Span 

=46.442 & 0.188 and for 30% L/S ratio, RSE for d90 & Span =24.001 & 0.190] 
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Figure A.13. Effect of Degree of fill (DF) and Reynolds number (Re) on d90 and Span with L/S 

ratio = 26% at (a) D = 18 mm and (b) D = 27 mm [for D = 18 mm, RSE for d90 & Span 

=46.442 & 0.188 and for D = 27 mm, RSE for 

A.5 Tree Diagrams for GP-based Symbolic Regression Model 

 

 

 

(a) (b) (c) 
 

Figure A.14. Tree diagrams of GP-based Symbolic regression models for (a) d90, (b) Span, 

and (c) Fracture strength (FS) for 18 mm TSE [where X0 = Reynolds number (Re) and X1 = 

Péclet number (Pe)]  
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(a) (b) (c) 

Figure A.15. Tree diagrams of GP-based Symbolic regression models for (a) d90, (b) Span, 

and (c) Fracture strength (FS) for 27 mm TSE [where X0 = Reynolds number (Re) and X1 = 

Péclet number (Pe)]  

 


