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ABSTRACT OF THE THESIS 
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Thesis Director: 

Fernando J. Muzzio, Ph.D 

Wet granulation (WG) is widely used in the pharmaceutical industry. This technology 

has many advantages such as enhancing compression and powder handling, decreasing 

ingredient segregation and ensuring the content uniformity. Currently, a high level of 

interest exists in the continuous version of this technology, both by the US FDA, and by 

large pharmaceutical manufacturers. Continuous manufacturing can provide significant 

technical and business advantages relative to batch methods. They are more robust and 

controllable and can achieve the same production rates as batch processes in much 

smaller and thus less capital-intensive equipment. In recent years, different continuous 

WG techniques have been investigated. However, integration of these unit operations into 

a complete continuous tablet manufacturing line is still a bottleneck due to high 

production cost and poor understanding of the process. In this work, a continuous high-

shear wet granulation process is examined based on a placebo formulation comprising of 

69.7% 𝜕𝜕 -lactose monohydrate, 29.3% microcrystalline cellulose and 1% Magnesium 

stearate. Two process variables (rotation speed, L/S ratio) and two design parameters 

(blade configuration and nozzle position) are selected for the I-optimal design. The 

collected granules are dried in a fluid bed drier to a desirable LOD (~ 3%). Granule 
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properties, such as particle size distribution (PSD), flow properties, density and 

compaction are characterized. The rotation speed and L/S ratio have the most significant 

effects on the granule properties. Mechanical dispersion regime controls the formation of 

granule nuclei in this case, resulting in broad particle size distribution and limited growth 

ratio.  
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Chapter 1  

Introduction  

1.1 Granulation Process Fundamentals  

Granulation is by definition any process of agglomerating small particles into larger, 

semi-permanent masses where the original particles can still be discriminated. [1] There 

have been various granulation techniques,  including wet granulation, dry granulation and 

melt pelletization that have been widely utilized over the past decades across multiple 

industries such as the manufacturing of catalyst, food and agriculture product as well as 

pharmaceutical formulation and product manufacture. Specifically, in the pharmaceutical 

industry, the enlarged particle size typically ranges from 0.1 to 2.0 mm.  The majority of 

granules are served as intermediate for compaction of tablets whilst others can be either 

packed as sachets or dispensed into capsules.[2] 

Granulation is a popular processing method in the pharmaceutical industry due to its 

numerous advantages, such as enhancing powder flow properties and handling, [3-4] 

increasing content uniformity and compression characteristics of the drug, [5] decreasing  

dust and ingredient segregation, controlling the drug release rate, improving the 

appearance of tablets, etc. [6-7] Among granulation approaches, dry granulation is usually 

adopted for drugs that are sensitive to moisture and heat. Wet granulation is used for 

everything else due to its advantages, including dust elimination, single-pot processing 

and predictable granulation end-point. It improves powder performance by combining 

formulation composition and manufacturing process. The interaction between granulating 
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liquid and powder bed usually induces interparticle bonds, thereby modifying particle 

morphology and then resulting in different sizes of granules. [7-9] 

Granulators with different operating principles have been employed in the pharmaceutical 

industry. High shear granulators are usually composed of a cylindrical or conical mixing 

bowl, a three-blade impeller and an auxiliary chopper, which can mix, densify and 

agglomerate the wetted particles by applying both the shear and compaction forces. [10] In 

batch fluid bed spray agglomeration, powders are fluidized and granulating liquid is 

sprayed onto the fluidized particles, which provides liquid bridges to agglomerate 

powders. Once desired granule size is achieved, spraying will terminate and then liquid 

will evaporate.  It provides very low shear granulation and produces granules with high 

porosity and wide particle size distribution.[11] Besides, the process of wet extrusion, 

followed by spheronization, is used to produce numerous engineered, controlled release 

drugs containing high levels of API. The product characteristics for extrusion and 

spheronization usually include dense pellets, smooth coatable pellets, narrow particle size 

distribution and high yield and flowability. [12] 

Continuous fluid bed granulators are widely utilized in the chemical, dairy and food 

industries and thus they have not been specifically designed and adopted for 

pharmaceutical production. They are usually horizontal moving bed granulators separated 

into distinct functional sections. They convey the dosed materials by vibrating the 

chamber or controlling the air flow. The produced granules are typically more porous 

than those generated by either high shear or extrusion granulation due to the relatively 

low shear and compressive forces. [13-14] 
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Twin screw extruder is the mostly investigated continuous granulation technique for 

pharmaceutical applications. The granulator is divided into different compartments 

serving as different roles during granulation like the long pitch transporting elements, 

short pitch transporting elements and kneading elements. [15]  

All of these granulation processes are initiated by adding liquid and can be best described 

by several mechanism, mainly happening in three stages: 1) wetting, nucleation and 

binder distribution; 2) consolidation and coalescence and growth; 3) breakage and 

attrition, irrespective of the equipiments employed. 

1.1.1  Wetting and Nucleation 

Wetting and nucleation is the first phase of any wet granulation process involving the 

distribution of granulating liquid through the powder bed. [1] The contact of  liquid binder 

with the powder surface can induce the formation of initial loose aggomerates. There are 

two extreme nucleation mechanisms that may take place during this process: 

(1) droplet size is larger than that of a single particle. In this case, several consecutive 

stages are induced: a) the formation of droplets with different size distribution and 

varying frequency takes place at the spray nozzle; b) droplets impinged on powder bed 

surface and may possibly break into smaller droplet sizes; c) small binder droplets 

coalesce with each other to enhance the effective drop size when spray flux is very high 

or drop penetration time is long; d) the drops then spread across the powder surface and 

penerate into the bed due to the capillary effect and lead to the foregoing loose nuclei 

granule with a broad size distribution; e) mechanical mixing exerts shear force on large 

aggolomerates and break them into smaller entities. 
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All these stages are combined together to determine the granule size distribution when 

powders pass through spreay zone. The produced nuclei and granules usually possess 

porous structure with a lot of trapped air inside.  

(2) primary particle size is larger than that of the binder droplet. The liquid droplets will 

deposit on the particle surface and coat the particles because of the collision between 

drop and particles. Typically, these small droplets will be sucked by capillary effects if 

the particles are porous, which induces the immersion nucleation. The resulting nuclei is 

usually saturated with liquid and gives rise to a relatively more compact granule 

structure. As a result, the wetting dynamics are essential in coating particle as well as the 

following growth stages. [1, 16]                  

Controlling the liquid drop size and liquid distribution is important for the wetting and 

nucleation processes. In some undesired cases, it can bring about a broad nuclei size 

distribution containing many fines, overwet granules, pastes and chunks, which can lead 

to subsequent ingredient segregation. Moreover, the mechanism of initial wetting and 

nucleation phase plays a pivotal role in the subsequent drying operations that generally 

seek to produce dried granules with moisture content less than 3%. Therefore, it is 

important to grasp the underlying mechanism and have a better control of granulation 

process. [17]  

Based on the research of Hapgood et al. (2003),[16] the nuclei formation kinetics can be 

described by the penetration time, namely that the time that a droplet spends in 

completely penetrating into a porous powder bed surface. The penetration time depends 

on not only the powder hydrophobicity and fluid properties of viscosity and surface 

tension but also the consolidated condition of the powder bed-i.e., the effective pore size 
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of powder bed. For a specific formulation, Hapgood et al. (2002) [17] gave the formula to 

calculate penetration time pt based on the measurable material properties:  

                                       
2/3

21.35
cos

d
p

eff eff lv

Vt
R

µ
ε γ θ

=  ,                                                      1-1 

where dV  is the drop volume; µ  is the viscosity of liquid binder; θ  is dynamic contact 

angle; effε  is the effective bed voidage for capillary driven flow; effR is the average 

micropore size; lvγ  is liquid surface tension.  

Numerous assumptions are made when deriving this expression but the most essential 

one is that total voidage of the loosely packed powder bed is considered as uniform 

cylindrical pores. Practically, the liquid droplet may not have sufficient time to entirley 

penetrate into the powder and form a nucleus due to interference of mechanical shear 

forces or finite residence time in a continuous process.  

A dimensionless group, called the dimensionless spray flux aψ  is defined to characterize 

the spray zone in granulator, which takes into account the liquid flow rate, binder drop 

size and powder flux. In other words, it considers the competition between liquid spray 

rate and new powder exposure rate. A low spray flux means that the nozzle produce more 

fine or well dipersed droplet, which is conducive to minimizing the drop overlap and 

enhances granulation performance. When introducing the liquid binder by dripping mode, 

aψ is still useful;  in this scenario the spray area is considered to be equivalent to the 

cross-sectional area of the liquid column. Lister et al. (2001) [18] gives the expression of 

dimensionless spray flux as 
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                                                   3

2
a

d

V

Ad

⋅

⋅Ψ =                                                          1-2 

where V
⋅

is the volumetric spray rate; A
⋅

 is the area of spray zone that powder flux 

through; dd is droplet diameter.  

As previously introduced, wetting and nucleation can be dominated by different 

mechanisms, depending on formulation properties and operation parameters. By 

combining the drop penetration time, which describes single drop behavior determined by 

material properties, with the spray flux describing multiple drop interactions, which is 

controlled by operation variables Hapgood et al. (2003) [16] proposed the nucleation 

regime map. The ordinate is defined as the dimensionless drop penetration time pτ ,  

                                                          p
p

c

t
t

τ =                                                           1-3 

where ct is the circulation time for a packet of powder to return to the spray zone.   

Ideally, one droplet should produce one nucleus. The drop controlled nucleation occurs 

when both pτ  and aψ are less than 0.1, namely that droplets are well dispersed and that 

drops penetrate fast enough to avoid contacting another partially absorbed drop on the 

powder bed. In the mechanical dispersion regime, mechanical mixing and agitation 

dominate the nucleation process and the drop coalescence occurs giving rise to many 

fines and lumps at low shear force condition. Finally, in the intermediate region, the 

granulation process is very sensitive to the variations in nucleation zone.  

1.1.2  Consolidation, Coalescence and Growth 
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The wetting and nucleation stage may result in two possible forms of particles, which 

will be further converted during the subsequent consolidation and growth stages. If the 

particle size is larger than that of the binder droplet, particles will leave the spray zone 

with a layer of liquid binder coating them, otherwise loosely packed and satuated nuclei 

granules will be created. The subsequent consolidation with neighbouring particles can 

densify the granules while coalescence may lead to the granule size enlargement.  

Net granule growth depends on the balance between granule kinetic energy before 

collision and the corresponding energy dissipated during the collision. Specifically, in 

terms of deformable granules, mechanical energy will be dissipated via plastic 

deformation and friction at the surface of wetted granules due to the relatively high 

material viscosity. [19]  

In pharmaceutical granulation, the growth behavior is determined by both granule 

deformation induced by collision and moisture content of granules. Therefore, the two 

dimensionless groups, Stokes deformation number and maximum granule pore saturation, 

are utilized to map the granulation behavior. The deformation number defSt was first 

proporsed by Tardos et al. (1997) [20] and later adopted by Iveson et al. (1998) [19]. 

                                        
2

2
G c

def
USt
Y

ρ
=                                                             1-4 

where Gρ  is the granule’s density, cU  is the relative collision velocity and Y  is the 

dynamic yield strength of granules. With respect to liquid saturation, maximum pore 

saturation is used because the saturation extent varies with compaction.  

                                          min
max

min

(1 )s

l

ws ρ ε
ρ ε
−

=                                                   1-5 
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where w  is the mass ratio of liquid to dry powders, sρ is the true density of particles, 

minε is the minimum porosity, which is a complex function of specific formulation 

properties, liquid content and operation parameters, lρ is the liquid density.  

One major assumption is that liquid spraying has been well controlled and thus achieved 

good distribution-i.e., the operation condition is within the drop-controlled region in 

terms of wetting and nucleation stage. When the maximum pore saturation is low, there is 

no enough liquid to achieve the granule coalescence and nuclei will only form nuclei due 

to Van de Waals forces that may break at the initial wetting-nucleation stage. Particles 

will not growth further but remain as dry-free flowing powders.  

When the minε  is at the intermediate level, granules will grow steadily, provided that they 

are deformable and consolidate very soon, otherwise the induction growth will take place 

as the yield strength of granules is large compared with the impact kinetic energy. 

Induction growth is related to low material exchange rate in which period little granule 

growth happens. As a result, the addition of more liquid is necessary to promote granule 

growth. If the liquid content is very high ( minε >1), granules will tend to get over-wetted 

and become a slurry. Moreover, steady growth is desirable because the granulation 

process are more robust to raw material properties and process operation conditions, 

which can be achieved with a defSt from 0.001 to 0.2. The granules in steady growth 

usually contact with each other in a large area during collision and can induce the 

coalescence under relatively low liquid saturation level. Finally, if defSt is larger than 0.2, 

the undesirable crumb behavior will occur, which produces granules that are too fragile to 
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withstand the shear forces present in the granulator. Consequently, granules will stop 

growing. [19, 21-23] 

1.1.3  Breakage and Attrition  

In this final mechanism, two phenomena will happen simultaneously-i.e, breakage of wet 

granules in the granulator and fracture of dried granules in the granulator or subsequent 

unit operations such as fluidized bed dryer and blender. Compared with the first two 

mechanisms, there have been relatively less investigation on breakage and attrition, but it 

is important to consider these phenomena as they may impinge on the granule properties, 

especially the size distribution. For example, in high shear granulators, the friction 

between blades or granulator wall with granules can produce substantial amounts of dusty 

fines, thereby decreasing the mean particle size and broadening the particle size 

distribution. As the purpose of granulation is to increase particle size, uncontrolled 

breakage can lead to process failure. [23-24] 

To predict the threshold of wet granule breakage, Tardos et al. (1997) [20] considered the 

Stokes deformation number. They proposed that when defSt  is larger than a specific 

value-i.e., when applied kinetic energy during collision exceeds the required energy to 

break, then granule breakage occurs, which is labeled as a boundary in the growth regime 

map of defSt =0.2. Therefore, it is essential to control granule turnover or the tip speed of 

the granulator to avoid excessive breakage and attrition.  

 

1.2 Batch and Continuous Wet Granulation  

Based on the definition of US FDA, [25] a batch process utilizes “a specific quantity of a 

drug or other material that is intended to have uniform character and quality, within 
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specified limits, and is produced according to a single manufacturing order during the 

same cycle of manufacture”. In general, the product quality is assessed by off-line 

analytical tools when the predictable endpoint is reached. If it fails to satisfy the 

predefined quality parameters, the whole batch of materials must be discarded or 

reprocessed. Continuous manufacturing, in contrast, is in accordance with the principle of 

“one in, one out” by continuously adding raw materials to the process and simultaneously 

collecting products at the end of the manufacturing line. [26]  

Unlike some other industries, such as food, polymer, dairy and electronics, the 

pharmaceutical industry has been reluctant to adopt continuous process for several 

reasons. For instance, continuous manufacturing technologies are especially suitable for 

large volume production that often exceeds the demand in the pharmaceutical industry. In 

addition, the high profit margins and concerns regarding regulatory approval have 

retarded the implementation of continuous processes.[27] This situation has changed 

dramatically in the last five years. A high level of interest exists now in continuous 

technology, both by the US FDA, and by large pharmaceutical manufacturers driven by 

the superior controllability of continuous processes. Continuous manufacturing methods 

can provide significant technical and business advantages relative to batch methods. As 

has been demonstrated in other process industries, continuous manufacturing methods are 

more robust and controllable, which enhances product uniformity, decreases the amount 

of materials failing to satisfy the quality parameters and improves production efficiency. 

They also achieve the same production rates as batch processes in much smaller and thus 

less capital-intensive equipment. Moreover, the scale-up challenges can be overcome by 
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running the operation for a longer time instead of changing to a larger capacity 

equipment.[27-28]   

In addition, the US FDA has increasingly emphasized the application of Quality by 

Design[29-32] and Process Analytical Technology (PAT) methods in pharmaceutical 

manufacturing[33], thus promoting the adoption of continuous process, which is 

particularly suitable for real-time monitoring and automation.  

In recent years, several continuous wet granulation techniques have been developed. [27] 

Most commercialized continuous fluid bed granulators are adopted in the chemical and 

food industries. In these systems, raw materials are dosed continuously at the inlet zone 

and conveyed horizontally to the following different functional sections, such as mixing, 

spraying, drying and cooling, because of air flow from distributor plates, vibration of 

processing chamber, or auger conveyors.[14, 34-37] Recently, Glatt developed the GPCG2 

LabSystem, which is a continuous fluid bed granulator/drier designed for development 

and manufacturing of solid materials.  

Another continuous wet granulation technique for pharmaceutical applications that has 

been examined in the literature is the extrusion with twin-screws rotating inside a barrel. 

This method comprises of multiple components, such as conveying elements, mixer 

elements and kneading blocks, to continuously transport, mix and agglomerate wetted 

powders driven by the energy from shear force or densification. [15, 27, 40] Using extruders 

as continuous granulators for pharmaceutical applications was first introduced by Gamlen 

et al. (1986) [38] and Lindberg et al. (1987) [28, 39] 

Currently, the majority of studies focus on characterizing granulation performance with 

different process or design parameters as well as formulation properties. Djuric et al. 
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(2010) investigated the agglomeration behavior of a twin-screw extruder with varying 

material throughput and concluded that throughput had a large effect on granules particle 

size distribution.[41] EI Hagrasy et al. (2013) validated the robustness of a twin screw 

granulator under different formulation properties, liquid to solid (L/S) ratio and binder 

distribution method.[42] Djuric et al. (2008) and Thompson et al. (2009) investigated the 

impact of screw configuration on the granulation of lactose monohydrate. They indicated 

that desirable granule properties, such as particle size distribution and porosity, as well as 

tablet properties such as tensile strength can be achieved through a suitable selection of 

conveying elements, kneading and combing mixer elements.[43-44] Dhenge et al. (2010)  

and Vercruysse et al. (2012) investigated the influence of process variables such as 

powder feed rate, screw speed and L/S ratio, together with viscosity of granulation liquid, 

on granules residence time distribution and physical properties.[45-46] Lee et al. (2013) and 

Keleb et al. (2002) compared the performance of twin screw granulator and conventional 

high shear granulator by characterizing granules properties and revealed that twin screw 

granulator had a distinct granulation mechanism and might be a more suitable alternative 

for high shear granulation in pharmaceutical industry. [40, 47] 

Vervaet et al. (2005) reviewed the development of continuous granulation in 

pharmaceutical industry and introduced some other techniques such as spray-drying, 

roller compaction, instant aggomerators, etc. Some of these techniques are specifically 

designed for pharmaceutical purposes while others could be introduced in the 

pharmaceutical field with some minor modifications. [27]  
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Fig. 1-1.  Prototype of the continuous wet granulation line 

1.3 Challenges and Outline of the Thesis 

Despite the research on different continuous wet granulation techniques, incorporating 

this unit operations into a complete continuous tablet manufacturing line, namely from 

individual powder components to the coating of tablets, is still a bottleneck. It is partly 

due to the need to achieve desirable granule properties and  the complexity of the process, 

which typically involves twice as many steps and components as direct compression.  

However, the continuous high-shear mixer granulator, shown in Figure 1-1, can enable a 

fully continuous tablet manufacturing line. Also, successful implementation of such a 

system will enhance the mechanistic understanding of wet granulation in continuous 
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systems by enabling the investigation of effects of process variables, design parameters 

and formulation attributes on granule characteristics. Finally, experimental results 

obtained in this system can be utilized for the development and validation of models and 

process optimization and control.  

This thesis focuses on characterizing a commercialized continuous high shear granulator 

from Glatt. It is organized as follows. Materials, methods and experimental conditions are 

presented in section 2.1. Results and discussion of granule physical properties are 

presented in section 2.2. Conclusions and future work are presented in Chapter 4.   
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Chapter 2  

Characterization of Continuous High Shear Wet Granulation 

2.1 Materials and Methods  

2.1.1  Materials and Formulation  

The placebo formulation studied here consists of a 7:3 mass ratio of α-lactose 

monohydrate 200M to microcrystalline cellulose (Avicel® PH101) . The quantitative 

compositions and supplier of each material are shown in Table 2-1. Intragranular 

components were used to manufacture granules while magnesium stearate then was 

mixed with milled granules to make tablets.  

Table 2-1. Materials and Formulation details  

Ingredient         %w/w                       vendor  

Intragranular components 
              α-lactose monohydrate 200M           69.3                 Foremost Farms USA 

         Microcrystalline cellulose (Avicel PH101)            29.7                   FMC Biopolymer            
Extragranular component 
            Magnesium stearate             1                           Mallinckrodt 
 

2.1.2  Design of Experiments  

Table 2-2. Experimental Conditions 

Process Parameters 
Flow Rate (kg/hr)                                                                10 
Rotation rate (RPM)                                                           133, 275, 415, 538, 660 
L/S Ratio                                                                             0.1, 0.2, 0.3 
  
Granulator Design Parameters 
Blade configuration name: blade direction,                  1. F/S-Alternate blades directing in forward and  
     Blade angle (angle with the shaft)                                  straight, blade angle-45°/90° 
                                                                                       2. F/B-Alternate blades directing in forward and  
                                                                                                    Backward, blade angle-45° 
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Nozzle Positions                                                              Position 1 (above the 12

th 
blade from granulator   

                                                                                                     inlet, 24 blades in total) 
                                                                                          Position 2 (above the 8

th 
blade from granulator    

                                                                                                     inlet, 24 blades in total)      
  
Formulation  
Feeder 1-  𝜕𝜕-lactose monohydrate (Regular)                  7 kg/hr    
Feeder 2-  microcrystalline cellulose (Avicel PH101)    3 kg/hr                                                                                        
 

Note that the levels of these two quantitative variables and two categorical variables, 

rotation speed (5 levels), L/S ratio (3 levels), blade configuration (2 levels) and nozzle 

position (2 levels), form an irregular experimental region-i.e., not a cube or a sphere. 

Therefore, standard designs may not be the best choice. In addition, D-Optimal designs 

are most appropriate for screening experiments because the optimality criterion focuses 

on precise estimates of the coefficients. In contrast, I-Optimal designs minimize the 

average prediction variance inside the region of the factors, which makes it more 

appropriate for prediction. Thus in this study an I-optimal design generated by the JMP® 

software from SAS was used as the experimental design. The total flow rate of dry 

powders was fixed at 10 kg/hr because of the processing ability of the following unit 

operation, fluidized bed dryer. Two process variables and two design parameters are 

selected for the I-optimal design, namely five levels rotation speed (133RPM, 275RPM, 

415RPM, 538RPM and 660RPM), three levels L/S ratio (0.1, 0.2 and 0.3), two levels 

blade configuration (forward/backward and forward/straight) and two levels nozzle 

position (P1 and P2).  A total of 38 batches were manufactured for this DoE.  

2.1.3  Manufacturing Process   
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The K-Tron KT35 twin screw loss-in-weight feeder is used for dosing α-lactose 

monohydrate 200M while K-Tron KT20 is for microcrystalline cellulose. All the 

experiments were conducted in the continuous high shear granulator from Glatt as shown 

in Fig 2-1. There are three different types of blades including 60°, 90° and 120° mounted 

on horizontal shaft. As powders are fed into the granulator, the shaft along which three 

types of blades are mounted pushes the dry powders forward and promotes both 

dispersive axial mixing and convective cross-sectional mixing. The granulation process  

commences immediately once the mixtures reach the location where the nozzle is 

positioned and where granulating liquid (water) is fed via a pump. Powder mixing 

coupled with different granule formation mechanisms, (i.e. nucleation, coalescence, 

consolidation and attrition or breakage), continue along the axis of blender the outlet of 

the granulator is reached. The blade configuration for the first nozzle position with 

forward and backward alternate is shown in Fig 2-2. Similarly, substituting the straight 

blades for curved ones can generate another configuration. The first five blades under 

both dry powder feeding port and granulating liquid feeding port are setting as forward 

pushing blades to prevent powders from blocking the granulator. For all the experiments, 

water was introduced onto the powder bed only by dripping mode. 
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Fig. 2-1 Experimental set up 

 

 

60° 90° 120° 
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Fig. 2-2 Blade Configuration with Forward and Backward Alternate  

The overall powder feeding rate was kept constant at 10 kg/hr for all batches. The 

collected granules passed through a 5-mesh screen to remove lumps and then dried in the 

fluid bed drier at 50℃ to a desirable loss on drying value less than 3.0%. The dried 

samples were then evenly spread on a large aluminum foil pans on which 9 sampling 

points were selected to obtain representative granules for particle size distribution test. 

Then 8 batches with D50 larger than 120 microns were selected for further 

characterization. These samples were passed through a Quadro Comil running at 

2300rpm using a 045R of 1.1mm opening screen, which was able to provide sufficient 

de-lumping effciency. The 1% Magnesium Stearate was then mixed with milled materials 

in LabRAM mixer from Resodyn Acoustic Mixers for the following characterization like 

flow properties, density and compaction. The data generated from this I-optimal design 

were analyzed by JMP® statistical software.  

2.1.4 Raw Material Characterization  

2.1.4.1 Particle Size Distribution  

The particle size of α-lactose monohydrate 200M, Avicel PH101 and the dry mixture of 

69% lactose and 30% Avicel PH101 are measured by laser diffraction using a dry powder 

disperser at a feed rate of 22% and a pressure of 1.2 bar. True densities are obtained from 

the supplier. Fig. 2-3 illustrates the particle size distribution and Table 2-3 summaries 

their physical properties. The median diameter of lactose is larger than that of Avicel 

PH101 while the spans, (D90-D10)/D50=1.923 and 1.860, respectively, are close to each 

other. Mixing these two materials have little influence on particle size distribution whose 
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median diameter falls between the raw materials. The median diameter of blends, 

together with that of granules, can be used to calculate the growth ratio.  

 

Fig. 2-3 Particle size distribution of raw materials 

Table 2-3 Particle size parameters of raw materials 

    Avicel PH101 Regular Lactose Dry Mixture  

PSD(um) 

D10 19.091 13.738 14.766 
D25 34.173 37.772 34.711 
D50 58.715 78.3543 68.038 
D75 95.176 122.715 110.285 
D90 132.53 159.455 146.229 

True 
Density(g/ml)   1.403 1.543   

 

2.1.4.2 Penetration Time  
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                                         0s                                                 0.02s 

 

                                       0.14s                                              1.48s                                          

 

                                      2.86s                                              3.92s 

Fig. 2-4 Syringe Penetration Test  

For testing penetration time, the powder bed of dry mixture containing 69.3% lactose and 

29.7% Avicel PH101 was prepared through Freeman FT4 Powder Rheometer, which  

generates more reproducible powder bed porosities. A vessel with a diameter of 50 mm 

was split into an upper 85 mL vessel and a bottom 160 mL vessel. When pouring powder 

into the split vessel, it was necessary to ensure that powder level was above the split line. 

Then powders would go through the conditioning step, a rotating blade moving up and 

down several times through the powder bed, to remove the trapped air or any 
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preconsolidation history and create a reproducible powder bed. The conditioned powder 

bed was then slightly compacted and then split to generate an even surface for the single 

droplet experiments. A high-speed camera was set up and kept recording the penetrating 

process until there was no significant change in the reflections seen on the powder 

surface. The penetration time was determined by analyzing the video. A water droplet 

was released onto the powder bed from a syringe with twenty two gauge needle. The drop 

size from this syringe can be calculated based on the weight and density of water droplet. 

With this measurement, penetration time for any other drop size can be determined  from 

the following equation: 

                                                      
2

,1 ,1
2

,2 ,2

p d

p d

t d
t d

=                                                              2-1 

where pt  is the penetration time and dd  is the diameter of a droplet. Finally, drop 

penetration time was averaged from 10 measurements. [48-49]  

As shown in Fig. 2-4, the droplet releasing from syringe took around 3.92± 0.76 seconds 

to completely penetrate into the powder bed. The droplet size of syringe was 5.62 ±  

1.81mm while that of nozzle was 11.68± 3.38 mm. Therefore, drop penetration time from 

the nozzle would be 16.94 s. To achieve a good granulation performance, namely 

granulation in drop controlled region, it is necessary to have a comparable or even larger 

circulation time to reduce the dimensionless penetration time (see Eq. 1-3). However, 

measuring the circulation time is difficult because of the determination of flow patterns 

inside the granulator. The surface velocity of powder is more measurable and circulation 

time can be estimated through the surface velocity measurements. 

 
 



23 
 

For batch processes, the kinetics of drop penetration is mainly controlled by formulation 

properties while the flux of drops onto the bed surface is largely controlled by process 

parameters.[18] However, in continuous processes the process parameters can also 

influence the drop penetration process through the powder residence time. For example, 

in Table 2-4, the bulk residence time of batch 10 (660RPM and 0.3 L/S ratio) is around 

41.4 seconds. According to Eq. 2-1, the droplet size should be around 7.8mm, and any 

larger droplets cannot completely penetrate into the powder bed when powders approach 

the granulator outlet. Thus a relatively large mean residence time or small droplet size is 

desirable, otherwise powders would flow out of the granulator before droplet completely 

penetrates into the powder bed.  

2.1.5 Physical Characterization of Granules  

2.1.5.1 Moisture Content  

The moisture content was obtained from loss on drying in the fluid bed dryer. Weight of 

wet granules was recorded once they flowed out of the granulator. The granules were 

dried for 3 hours under the temperature of 50℃. To ensure the amount of water added 

into the system is equal to the setting point of L/S ratio, a scale was placed under the 

water drum to record its weight every 3 minutes for 12 minutes.  

2.1.5.2 Particle Size Distribution 

Particle size distribution of the dried granules was measured by sieve analysis with an 

Allen Bradley Sonic Sifter (Allen Bradley, Milwaukee, WI) equipped with a pan and a 

set of 13 screens-i.e., #US 5 (4000 um), 10 (2000 um), 14(1400 um), 20(850 um), 30(600 

um), 40(425 um), 60(250 um), 80(180 um), 100(150 um), 140(106 um), 200(75 um), 270 
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(53 um) and 400 (38 um). A representative samples of 150g were tested for 30 minutes 

with a sift setting of 5 and pulse setting of 5.  

2.1.5.3 Hold-up Measurement  

In continuous processes, the hold-up of granules in the mixer granulator is important as it 

determines the residence time distribution and thus the total average strain and wet 

massing time experienced by the granules when they travel through the granulator. Hold-

up was measured by simultaneously monitoring the weight of the granules collected at 

the outlet of the granulator and that of granulating liquid and powder being fed into 

system. Granules were collected in a collection bucket resting on a scale at the exit of the 

outlet of the granulator. The amount of the powder being fed was monitored by the in-

built scale of loss-in-weight feeders while that of water being fed was monitored 

according to a scale under the water bucket. The difference between the three weights 

(weights of water and powder fed into system minus that of granules flowing out) at a 

given time gives the hold up. In preliminary measurements, hold-up is set as zero at the 

beginning. It increases gradually with time until it achieves a plateau. The granulator 

operating under constant hold up was considered to be operating at the steady state. 

Besides, the hold up measurement can confirm the measurement of mean residence time 

obtained from the RTD curve. It can be used to calculate bulk residence time (hold-up 

(kg)/flow rate (kg/h) of the granules in the granulator, thereby reflecting the granules 

flow behavior inside the granulator.  

2.1.5.4 Flow Properties  

The FT4 powder rheometer from Freeman Technology (Malvern, Worcestershire, UK) 

was utilized to test the flow properties of granules. The image and schematic of this shear 
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cell is shown in Fig. 2-3-1. Basically, there are three operational steps. First, the granules 

are conditioned by a pass through of a dynamic blade, which can erase powder history 

and elicit a homogeneous reproducible state. Secondly, the conditioned samples are pre-

compacted by applying a normal stress by a vented piston, thereby removing the 

entrapped air. Finally, the samples are pre-sheared until a steady state flow is reached and 

then further sheared to acquire a yield point. The responses to characterize granules flow 

properties are cohesion and Flow Factor (ff). Flow Factor is defined as the ratio of 

consolidation stress in the hopper (major principle stress, σ1) to the cohesive strength in 

an arch of exposed surface (unconfined yield strength, σc) as presented in Eq. 2-1 When 

powders start to flow, the stress developed in an arch equals the unconfined yield 

strength. A larger Flow Factor means a better flow properties because the cohesion 

between granule particles in the exposed surface of arch is smaller compared with the 

compacting stress.  

                                                         1

c

FF σ
σ

=                                                                2-2 

Fig. 2-5 The schematic (a) and the image (b) of the shear cell setup supplied with the FT3 

Powder Rheometer (Freeman Technology, Inc.) 
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2.1.5.5 Density  

Bulk Density is also measured by FT4 powder rheometer. A standardized packing state is 

achieved by the conditioning process which comprises a traverse of blade downward and 

then atraverse upward. Therefore, any residual compaction before test can be removed. 

After spliting the 25mm*10ml vessel, bulk desnity can be calculated based on the 

recorded weight and volume. Tapped density is measured by an automated tapped density 

analyzer from Quantachrome Instruments. The volume of standard test cylinder is 250ml. 

The sample is initially tapped 500, 750 and 1250 times. The volume of tapped sample is 

checked and another 1250 tap test ensues. This procedure should be repeated if the 

volume difference between V500 and V1250 is above 2%. The result is used to calculate tap 

density according to the sample weight and tapped volume. Then the Hausner Ratio (HR) 

was calculated from bulk and tapped density with the following equation:  

                                                           f

i

HR
ρ
ρ

=                                                              2-3 

where iρ is the bulk density while fρ is the tapped density.  
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2.1.5.6 Compaction  

Tablets were manufactured by the Fette P2100 36 stations. Upper compression force was 

maintained around 8kN, 10kN, 12kN, 16kN, 20kN and 24kN. The Fette P2100 36 station 

is a fully instrumented single station tablet press, which can be used to simulate and 

analyze different phases of tablet press such as pre-compresion, compression and ejection 

under identical conditions. The punch displacements can be adjusted to realize different 

dosing amounts. For each tablet, the upper punch compression and pre-compression 

forces, minimum thickness, ejection force, take-off force and linear speed can also be 

recorded. A flat-faced round tooling with 10mm diameter was used with direct cam 

setting. Three 348mg tablets were compressed for each sample. The tablet thickness was 

measured by Mituyoyo Digimatic thickness gage while the hardness is measured by 

crushing tablets in Dr. Schleuniger Model 6D tablet tester. Breaking force can be 

converted into tensile strength by the following equation  

                                                       2
t

F
dh

σ
π

=                                                               2-4 

tσ is the tablet tensile strength (MPa), F is the tablet break force (N), d and h is the tablet 

diameter (mm) and thickness (mm), respectively.  

2.1.5.7 Particle Shape 

The shape of granules were examined by the EyeconTM 3D  high speed imaging camera 

(Innopharma Labs) at Bench top measurement mode.  

2.2 Results and Discussion  

                                Table 2-4 I-optimal design and experimental results  
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2.2.1 Moisture Content  

Moisture content is used to determine if the water distribution during the granulation 

process is homogeneous. As shown in Table 2-4, the moisture content of all batches are 

close to their setting points. Therefore, it can be concluded that the distubance from 

granulation process on water dripping is negligible.  

2.2.2 Particle Size Distribution  
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Fig. 2-6 Particle Size Distribution of Granules before Milling 

As discribed in section 2.1.5.2, sieve analysis was performed on the unmilled granules 

after drying. Particle size distribution was calculated based on the weight of the sample 

on each sieve. The experimental results, together with the DoE, are shown in Table 2-4. 

Three responses are included in the statistical analysis-i.e., D50, span and percentage of 

fines. Particle size smaller than 64 microns is defined as fines while that above 1 mm is 

designated as “lump”. Fig.2-6 shows the particle size distribution of three representative 

batches. Batch 4 and 29 have the largest D50s (198.89um and 201.97um) while batch 11 

has the smallest D50 (72.91um). Before milling, there are substantial amounts of lumps 

existing in batch 4 and 29, thus widening their particle size distributions. In contrast, 

batch 11 that consists of more fines has a much narrower distribution.  
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Table 2-5 shows the ANOVA results for the D50. The statistical significance of each 

parameter can be determined by either the Pareto chart or the p values. The bar chart 

shows the t-ratios with blue lines marking a critical value at 0.05 significance. These 

results depend on the assumption that the Pareto principle applies. That is, most of the 

variation in any system is generally due to just a few driving factors. Since the first five 

bars cross the blue line, these factors are statistically significant. Similarly, since the p 

values of the first five factors are less than 0.05, the same conclusion could be elicited.  

Specifically, the two process variables and their interaction effects significantly influence 

the response while the design parameters are not significant. The interaction effect of L/S 

ratio with blade configuration is also significant. The p value of the quadratic term, L/S 

Ratio*L/S Ratio, is also less than 0.05, which means that curvature exists in the response 

surface. From Table 2-4, the majority of D50 values are below 100 microns, indicating 

that the growth in particle size compared with raw materials is limited. The contour plot, 

Fig. 2-7, shows that increasing the L/S ratio and simultaneously decreasing the rotation 

speed can improve the D50 since the residence time of granules are longer at lower 

rotation speeds. However, powders were inclined to get stuck in the granulator, causing 

motor overload at the highest L/S ratio and lowest rotation speed because the hold up in 

the granulator keeps increasing in this case. For instance, at the operation condition of 

rotation speed 133 RPM and L/S ratio 0.3, the wall of granulator was heating up and 

finally the shaft was unable to  rotate due to the formation of large clumps. When water 

was used as the granulating fluid, granules would get overwet if the L/S ratio is larger 

than 30%. The influence of L/S ratio is more significant than rotation speed, which is in 
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evident in the contour plot. At the highest L/S ratio of 0.3, all batches perform better than 

other L/S ratios regardless of the rotation speed.  

Table 2-5 Analysis of Variance for D50 

 

Therefore, it is predictable that conducting the experiments with higher L/S ratio than 0.3 

may enhance the granulator performance before granules get overwet or paste is 

generated.  

The growth ratio is defined as the ratio of the final mean diameter of  

Fig. 2-7 Contour Plot of D50 versus L/S Ratio and Rotation Speed 
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the granules to the initial mean diameter of the dry mixture, thus possessing an identical 

ANOVA and contour plot with D50. With respect to the percentage of fines, the model 

includes the same significant terms as the D50 except the quadratic term (see Table 2-6). 

The percentage of fines is actually proportional to the value of D50-i.e., a higher D50 

implies that more powders are granulated during the process. At the operation condition 

of high rotation speed and low L/S ratio, the percentage of fines is largest (see Fig. 2-8). 

On one hand, higher rotation speed decreases the residence time of granules. Granules are 

pushed out of the granulator before they can be sufficiently mixed and granulated. On the 

other hand, the nozzle used in these experiments is in dripping mode, thus producing 

droplets with larger size that can take longer to penetrate into the powder bed. Therefore, 

it is important to strike a balance between the droplet penetration time and granule 
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residence time. The granulator performance can be improved by using a spray nozzle that 

generates finer droplet size, which requires less time to penetrate the powder mass. 

Table 2-6 Analysis of Variance for % fines 

 

Fig. 2-8 Contour Plot of % fines versus L/S Ratio and Rotation Speed 

        
Rotation Speed

L/
S 

Ra
tio

600500400300200

0.30

0.25

0.20

0.15

0.10

>  
–  
–  
–  
–  
–  
–  
–  
–  
–  
<  

0.36 0.40
0.40

0.04
0.04 0.08
0.08 0.12
0.12 0.16
0.16 0.20
0.20 0.24
0.24 0.28
0.28 0.32
0.32 0.36

%fine

Contour Plot of %fine vs L/S Ratio, Rotation Speed

 
 



34 
 

Finally, as shown in Table 2-7, L/S ratio is the only significant parameter that spans the 

width of particle size distribution. Typically, a span value less than 1 is desirable and 

represents a relatively narrow distribution. In Fig. 2-9, the particle size distribution 

becomes wider with increasing L/S ratio. Some spans are larger than 5, indicating that 

these granulation processes are in the mechanical dispersion regime instead of the drop 

controlled regime.  

Table 2-7 Analysis of variance for Span 
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Fig. 2-9 Relationship between Span and L/S Ratio 

2.2.3 Hold-up and Shear 

Table 2-8 indicates that the main effects of rotation speed, L/S ratio and blade 

configuration are statistically significant in affecting the hold up. Also, the interaction 

effect between rotation speed and L/S ratio as well as the curvature effect of rotation 

speed*rotation speed will make a difference in hold up measurement. As shown in Fig. 2-

10, and Fig. 2-11, for all L/S ratios and blade configurations, the hold up first decreases, 

reaches a minimum value and then increases with the increase of rotation speed. Also, 

this effect becomes more apparent as the L/S ratio changes from 0.1 to 0.3. Since the 

flow rate is constant (10 kg/hr), the mean residence time is proportional to the holdup. At 

low rotation speed (<400rpm), granules are pushed out of the mixer faster with increase 

in the RPM, leading to a lower holdup and less amount of mechanical work (total strain). 

Adding more granulating liquid, namely increasing L/S ratio, can compensate for the 

decrease of hold up. At high rotation speeds (>400RPM), the powder bed is operated at a 

nearly fluidized state, and wet granules can be further densified by increasing the RPM, 

leading to higher hold up. In this continuous system, mixing tools (blades and shaft) 

generate a mechanical fluid bed when the rotation speed is high. When granulating liquid 

was added to the primary particles in the fluid bed, they were broken up and 

homogeneously distributed in the material due to the mixing mechanism. Subsequently 

the  intense mixing process induced multitudinous contacts among particles and droplets. 

The adhesive force thus came into effect and binded together primary particles to form 

agglomerates, which were further densified and indurated  due to the significant collision 

between particles, mixing tools and granulator wall.  
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If the rotation speed is high, the FB blade configuration can have more hold up because it 

creates backward mixing and recirculating zones in the granulator, which increases the 

bulk residence time and the influence of blade configuration diminishes with a decrease 

in rotation speed, indicating that the granulator capacity becomes the limiting parameter. 

[50] When hold up is fairly close to the granulator capacity, flow problems will occur and 

powders cannot be thoroughly exposed to liquid, thereby impacting adversely on the 

granulation process or even lead to motor overload.  

Moreover, the shear intensity (strain) applied on the granules can be evaluated by the 

number of blades passes, i.e., the total number of revolutions that granules encounter in 

the granulation systems. It is important to estimate the total strain that particles undergo 

during the granulation process because it can affect granule flow behavior, porosity, bulk 

density and content uniformity. All of these are essential attributes of granules. The total 

strain is calculated as the product of bulk residence time (hold up divided by water and 

dry powder flow rates) and rotation speed. In general, larger blade passes indicate better 

granulation and mixing performance at a constant hold up. In table 2-9, the main effects 

of rotation speed, L/S ratio and blade configuration are statistically significant in 

affecting the energy input. Besides, the curvature effect of rotation speed* rotation speed 

also makes a difference in hold up measurement, thereby necessitating a second order 

model to predict the energy input. In Fig. 2-12 and Fig. 2-13, two maximum peaks can be 

found at 275RPM and 660 RPM. This is in accordance with the outcome of particle size 

distribution-i.e., D50s under these rotation speeds are larger than any other operation 

conditions. Therefore, in terms of this Glatt continuous high shear granulator, the 

optimum operation condition is 0.3 L/S ratio with a rotation speed of 275RPM or 
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660RPM. Rotation speed above 660 RPM is  beyond the capability of this granulator, 

hence 275 RPM was deemed the optimal value.  

Table 2-8 Analysis of Variance for Hold-up  
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Fig. 2-10 Effects of L/S Ratio and Rotation Speed on Hold-up 

 

Fig. 2-11 Effects of Blade Configuration and Rotation Speed on Hold Up 

Table 2-9 Analysis of Variance for Shear 
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Fig. 2-12 Effects of L/S Ratio and Rotation Speed on Shear  
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Fig. 2-13 Effects of Blade Configuration and Rotation Speed on Shear  

2.2.4 Flow Properties 

Based on the measurement results of particle size distribution, 8 batches with relatively 

large D50 were selected for further characterization, since typically the most important 

property attribute of granules is its particle size distribution.  As mentioned before, the 

selected granules were milled and then mixed with 1% Magnesium stearate in a LabRAM 

mixer from Resodyn Acoustic Mixers. The characterization results of the flowability of 

the final blends are shown in Table 2-11. The points generated at different normal stress, 

Niσ  ,and shear stress, Niτ  , were plotted in σ τ−  space to depict the failure yield locus by 

FT4 powder rheometer, which represents the moment when powder flow is initiated. All 
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samples were subject to a pre-consolidation stress of 3kPa ( Nσ ). The Mohr stress circle 

analysis was utilized to calculate the values of major principles stress, 1σ , and 

unconfined yield strength, cσ , as shown in Fig. 2-13 that takes #14 as an example. The 

values of cohesion were obtained from the intercept of the linearized yield locus to the 

shear stress axis. The pair of 1 cσ σ−  values was then plotted as a point to represent 

granules flow function, namely the relationship of 1( )c fσ σ= . According to the Jenike 

classification of Bulk Flow Behaviour, flowability can be divided into five different 

regions in terms of flow factor values, namely not flowing, very cohesive, cohesive, easy-

flowing and free-flowing (see Fig. 2-14).  In this study, the highest flow factor is 14.639 

while the smallest flow factor is 7.842. Therefore, all granule batches are at least easy or 

free flowing characteristic. Significant flowability differences cannot be detected 

especially for those values around or even above 10. A better granulation performance 

with a high D50 and low percentage of fines is conducive to decreasing the unconfied 

yield strength-i.e., the powders are likely to flow more easily. Since all selected samples 

were collected under the L/S ratio of 0.3, this observation means that it is necessary to 

maintain a high level of water amount for the purpose of improving powder flowability. 

Also, in the continuous granulator, the energy input was provided by rotating the 

impeller. Typically, high shear granulation can enhance the mixing performance as well 

as the granule flowability. Since the strain that granules experience in the granulator is 

proportional to the product of rotation rate and residence time, it is important to strike a 

balance between these two terms to maximize the number of blade passes.  

Table 2-10 Flow Properties of Selected Batches  

Batch # Cohesion, kPa UYS, kPa MPS, kPa FF 
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4 0.162 0.582 5.633 9.674 
6 0.137 0.510 5.303 10.393 
7 0.119 0.435 5.033 11.602 

10 0.104 0.380 5.187 13.660 
14 0.196 0.682 5.393 7.903 
28 0.186 0.665 5.214 7.842 
29 0.093 0.349 5.112 14.639 
31 0.125 0.477 5.331 11.225 

 

Fig. 2-14 Flow Function and Yield Locus for the Selected Samples 

 

Fig. 2-15 Flowability of Different Samples according to Jenike Classification of Bulk 

Flow Behaviour 
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2.2.5 Density  

Fig. 2-16 Density of selected batches  
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The results for bulk densities of granules ranged from 0.608 to 0.759 g/ml while the 

tapped densities varied from 0.716 to 0.789 g/ml (see Fig. 2-16). Hausner ratio values 

were calculated from the bulk and tapped densities to describe the flowability of the 

granules. Hausner ratio can be interpreted according to the range described in USP 

Powder flow <1174>. When Hausner ratio falls into the range of 1.00-1.11, it indicates 

that flowability of powder is excellent. When the Hausner ratio falls into the range of 

1.12-1.18, it indicates that the flowability of powder is good. As a result, flowability of 

all batches are either excellent or good, which is in accordance with the flow factor test 

results by FT4 powder rheometer.  

2.2.6 Compaction  

Table 2-11 Operation Conditions of Selected Batches 

# Rotation 
Speed(RPM) L/S Ratio Blade 

Configuration 
Nozzle 
Position 

Flow 
rate(kg/hr) 

4 275 0.3 FB P2 10 
7 275 0.3 FB P1 10 
10 660 0.3 FB P1 10 
14 660 0.3 FB P2 10 
28 275 0.3 FS P2 10 
31 660 0.3 FS P1 10 

 

All the selected 6 batches were firstly used to manufacture tablets under the compression 

force of 10KN. For convenience, the operation conditions are again shown in Table 2-11. 

The tablets data including thickness, weight and hardness are shown in Table 2-12. 

Compression force and powder amount are two crucial parameters that can influence the 

tablets mechanical properties. To make the hardness data from different batches more 

comparable, the powder weight was controlled around 0.35g.   
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Table 2-13 shows the particle size distribution of granules after milling. To illuminate the 

difference of hardness in these batches, Fig. 2-16 presents the relationship between 

tablets hardness and D50. Overall, with the increase of D50, hardness will decrease. The 

granules with larger D50 usually produce tablets with larger porosity that are easier to 

break during the hardness test. Granules with smaller D50 contains more irregular 

particles, which tend to hook to each other leading to stronger inter-particle bonds during 

the tablet compaction. Moreover, a process called over-granulation will be induced when 

granules substantially lose the capabilities of being compressed into tablets with 

sufficient strength.[47] Typically, these cases occurr if the granulating liquid is excesive 

thus giving rise to uncontrolled growth to form large granules or if hard and densified 

pellets are formed on account of the severe collision between granules and blades or 

granulator wall under high rotation speed. Therefore, it is reasonable to infer that over-

granulation occurred in the batches with large D50. Although  batch 10 and 14 have 

similar particle size distribution, remarkable difference exist in their tablets hardness 

because the high rotation speed 660RPM of batch 10 and 14 tends to bring about over-

granulation. Batch 31 has a large tablet hardness, which can be ascribed to the small D50 

that counteract the influence of high rotation speed to some extent. Another instance lies 

in batch 31 and 28, which have almost the same D50 but different tablet hardness. The 

high rotation speed 660 RPM with batch 31 has intenser densification or consolidation 

process, thereby leading to a smaller tablet hardness.  

Table 2-12 Tablets Data with the upper compression force of 10KN 

Batch # 
Actual 

Compression Force 
(KN) 

Thickness(mm) Weight(g) Hardness(KPa) 
4 10.1 3.35 0.3488 4.3 
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Table 2-13 Particle Size Distribution of Granules after Milling  

Batch # D10 D25 D50 D75 D90 
4 47.85 84.26 127.19 194.08 489.87 
7 34.83 70.36 111.31 160.78 290.20 
10 28.54 57.76 98.07 147.01 231.73 
14 32.12 61.88 103.73 163.19 443.30 
28 20.54 46.61 86.24 135.48 194.77 
31 22.06 48.53 86.38 130.36 176.14 

 
10.4 3.38 0.3501 4.4 

 
10.2 3.32 0.3497 4.6 

7 10.2 3.34 0.3491 4.8 
 

10.2 3.33 0.349 4.7 
 

10.1 3.31 0.346 4.8 
10 9.8 3.25 0.3495 4.8 

 
9.9 3.26 0.3487 4.5 

 
10.1 3.28 0.3502 4.8 

14 10.3 3.33 0.3521 4.9 
 

10 3.32 0.3492 4.7 
 

9.9 3.34 0.3483 4.7 
28 9.6 3.32 0.3451 6.1 

 
9.7 3.29 0.343 6.3 

 
9.9 3.31 0.3443 6.6 

31 10.2 3.31 0.3459 6 
 

10 3.32 0.3454 5.5 
  9.9 3.33 0.3477 5.6 
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Fig. 2-16 Relationship between Hardness and D50 

Table 2-14 Tablets Data for batch #4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Setting 
Compression 
Force (KN) 

Actual 
Compression 
force (KN) 

Thickness(mm) Weight 
(g) Hardness(KPa) 

8 7.9 3.47 351.8 2.9 

 7.9 3.47 352.3 2.8 

 7.9 3.47 351.4 2.8 
12 12.2 3.32 354 5.1 

 12 3.27 349.6 5.1 

 12.3 3.28 353.2 5 
16 16 3.27 353.6 6.6 

 16.3 3.24 356.4 6.9 

 16 3.23 355.7 6.8 
20 20 3.16 353.3 8.4 

 20.1 3.12 351.5 8.1 

 20.1 3.14 354.5 8.4 
24 23.9 3.09 350.4 8.9 

 
24.1 3.15 355.6 8.7 

  23.7 3.11 352.1 9 
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Table 2-15 Tablets Data for batch #14 
 
 

 

 

 

 

 

 

 

 

Since the rotation speeds of 275 RPM and 660 RPM produce a more desirable PSD, hold 

up and shear, granules from batch 4 and 14 were further selected to test their 

compactability, which is defined as the initial slope of tensile strength versus 

compression force curve. The tablet property information of batch 4 and 14 is shown in 

Table 2-14 and Table 2-15. Besides compression force of 10KN, tablets were 

manufactured under the compression forces of 8KN, 12KN, 16KN, 20KN and 24KN and 

then went through hardness test. As shown in Fig. 2-17 and Fig. 2-18, granules of batch 4 

is slightly more compressible than that of batch 14, which was evident from its larger 

slope. According to the regime map proposed by Iveson et al. (1998) [19], Stokes’ 

deformation number and maximum pore satuation number determine the category of 

granulation. Pandey et al. (2013) [51] indicated that there was a strong correlation between 

granule porosity and compactability and that water amount was the most influential factor 

with respect to compaction characteristics. Granules are more compressible with the 

Setting 
Compression 
Force (KN) 

Actual 
Compression 
Force (KN) 

Thickness(mm) Weight 
(g) Hardness(KPa) 

8 8.1 3.39 347.7 3.1 

 7.9 3.41 348 3.1 

 8.1 3.43 351.4 3.2 
12 11.8 3.24 347.1 5 

 12.3 3.21 348.9 5.1 

 11.7 3.21 345.2 5.1 
16 16.1 3.2 353.7 6.8 

 16.1 3.22 356 6.9 

 15.7 3.2 352 6.7 
20 20 3.12 352.2 7.9 

 19.7 3.12 350.9 8.1 

 19.7 3.11 350.1 8 
24 24.3 3.14 352.5 8.8 

 
24.2 3.16 354.1 9.3 

  24.1 3.13 354.9 8.4 
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increase of porosity, which is adversely proportional to granulating liquid amount and 

pore saturation. Batch 4 and 14 have the same L/S ratio, thereby very close 

compactability. However, the rotation speed of batch 14 660RPM will produce granules 

with smaller porosity because of the consolidation or densification during granulation 

process, i.e., a relatively small slope compared with Batch 4.  
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Fig. 2-17 An illustration of compactability for #4 
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Fig. 2-18 An illustration of compactability for #14 

2.2.7 Particle Shape 
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Fig. 2-19 Granules within the size range of 420-595 microns for selected batches 

The range of granule size selected for shape characterization is from 420 to 595 microns, 

which is the most desirable size range after granulation process.[52] As shown in Fig. 2-19, 

the sphericity of granules from all batches are quite similar to each other. This may be 

due to the shear forces applied on granules during sieving process, making all granules 
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more spherical. However, based on Fig. 2-19, some batches such as 4 and 28 contain 

more small granules while others contain less. These can be attributed to consolidation or 

densification of batch 10, 14 and 31 with high rotation speed 660RPM, thus making these 

granules stronger, smoother and more sustainable to extra forces.  

 

Fig. 2-20 Correlation between eyecon camera and sieve analysis  

Since the Eyecon camera is quite suitable for in line monitoring of particle size 

distribution during the granulation process, its performance was calibrated by sieve 

analysis. As shown in Fig. 2-20, the particle size distribution of batch 28 was measured 

by both the Eyecon camera and sieve analysis. It was shown that the Eyecon camera 

showed good correlation ( 2 0.98R = ) with sieve measurement for in-line settings, thus 

demonstrating its sensitivity to process perturbations and potential capabilities for use in 

process control.  Fig. 2-21 shows its size measurement threshold, which is able to 

accurately capture the particle size ranging from around 50 to 3000 microns.  
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Fig. 2-21 Granules under different size ranges  
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Chapter 3 

From Blends to Tablets: Influence of Formulation and Process 

Parameters 

3.1 Objectives 

During pharmaceutical manufacturing, the properties of blends and tablets are sensitive to 

formulation and process changes. The characteristic properties of blends are bulk density 

and cohesion representing both static and dynamic behavior. The tensile strength is an 

important attribute of tablet quality. An investigation of formulation and process 

parameters on these indexes can provide better understanding for product development 

and process optimization. 

In this chapter, a DoE approach was used to characterize the effects of formulation and 

process variation on pharmaceutical blends and tablet properties. Also, the correlation 

between blend properties and tablet properties was determined, which will provide a 

Quality by Design approach especially in a continuous manufacturing scenario.  

3.2 Materials and Methods 

Table 3-1. Pharmaceutical Powders with corresponding particle size 
 

Material Mean(µm) d10(µm) d50(µm) d90(µm) Vendor 
Semifine Acetaminophen 48.93 5.55 32.62 122.7 Mallinckrodt 

Avicel PH102 140.0 34.0 121.0 244.1 FMC biopolymer 

Fast-Flow Lactose 113.5 54.3 113.3 173.6 Foremost Farms 
Regular Lactose 71.88  10.29   63.48 157.7  Foremost Farms 

 

Table 3-1 shows the particle size distribution and properties of materials used in the 

experiments. A fractional factorial design is used here. The flow behavior of granular 
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materials and tablet tensile strength are investigated as two responses. The methods used 

for powder flow characterization include the measurement of Bulk Density and Cohesion. 

Three formulation factors and one process factor are controlled at two levels, i.e., API 

Concentration (9% and 45%), Avicel Ratio (0% and 5%) and Lactose Type (Fastflow and 

Regular) and Lubrication Level (30s and 90s), as shown in Table 3-2.  They are labeled 

as “A”, “B”, “C” and “D” respectively for covenience. The results were analyzed by 

Minitab. 

Table 3-2. Values for the low(-1) and high(+1) levels of input variables investigated in the factorial design 

                         Input Variable Low(-1) High(+1) 
A APAP Concentration 9% 45% 
B Avicel PH102 Ratio 0% 5% 
C Lactose Type Fast flow Regular 
D Lubrication Level 30s 90s 

 
In Table 3-3, it shows the runs of experiments and the corresponding responses, namely 

cohesion, tensile strength and bulk density. In terms of the manufacturing process, 

powders were first sieved to remove aggomerates and ensure the blend uniformity. After 

weighing the powders according to the designed formulation, Acetaminophen and Avicel 

PH102, together with the lubricant MgSt, were mixed in the LabRAM. The lubricant was 

added separately to avoid overlubrication. Finally, the flow properties and density of 

blends were measured in FT4 powder rhometer and tablets were manufactured in Fette 

P2100 36 stations. The hardness was measured in Dr. Schleuniger Model 6D tablet tester. 

Breaking force can be converted into tensile strength by the following equation  

                                                2
t

F
dh

σ
π

=                                                              3-1 
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tσ is the tablet tensile strength (MPa), F is the tablet break force (N), d and h is the tablet 

diameter and thickness, respectively.  

Table 3-3 Design of experiments followed by a 2^(4-1) fractional factorial design with two replicates 
 

  Coded Factors 
Run Label Cohesion(kPa) Tensile 

Strength(N/m^2) 
Bulk 

Density(g/ml) StdOrder Run Order A B C D 

6 1 1 -1 1 -1 ac 0.802 0.846 54.829 53.799 0.665 0.646 

2 2 1 1 1 1 abcd 1.089 0.923 22.338 23.319 0.742 0.725 

4 3 1 -1 -1 1 ad 1.315 1.35 54.808 53.274 0.615 0.625 

5 4 -1 1 1 -1 bc 0.122 0.11 39.41 36.982 0.71 0.705 

8 5 -1 1 -1 1 bd 0.444 0.439 113.325 108.957 0.705 0.705 

3 6 -1 -1 -1 -1 -1 0.746 0.896 48.532 42.608 0.781 1.143 

1 7 -1 -1 1 1 cd 1.234 1.203 147.696 148.887 0.751 1.072 
7 8 1 1 -1 -1 ab 0.163 0.247 43.464 48.532 0.662 0.976 

 
3.3 Results and Discussion  

3.3.1 Cohesion  

 

Fig. 3-1 Pareto Chart of the standardized effects for cohesion  
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According to Fig. 3-1, all the main effects including process parameters and formulation 

parameters significantly influence the cohesion. Besides, there are two interaction effects, 

AB and AD, that are also statistically significant. In Fig. 3-2, it indicates how the main 

effects influencing the cohesion. Basically, cohesion increases with the increase of API 

concentration and lubrication time. It also slightly increases when the regular lactose 

replaces fast flow lactose as regular lactose is more cohesive that fast flow lactose. With 

longer lubrication time, more energy was applied to the blends, thus improving the 

flowability. Since Avicel PH102 flows better than API, a larger proportion of Avicel 

PH102 significantly decreases the cohesion. 

     

 
 

Fig. 3-2 Main Effects Plot for cohesion    

Fig 3-3 illustrates how the effects interact with each other. With the lower level of API 

concentration, cohesion decreases more significantly with the increase of Acivel PH102 

and increases less significantly by increasing the lubrication time. To achieve the lowest 
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cohesion, the combination of low level of API concentration and lubrication time, fast 

flow lactose and high level of Avicel PH102 is desired. However, as shown in Fig. 3-4 

(question mark), the results of this combination are not available because of the fractional 

factorial design. A prediction model should be built and used to predict the unavailable 

results.  

                      

 

Fig. 3-3 Interaction Plot for cohesion    
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Fig. 3-4 Cube Plot for cohesion    

The software, Minitab, generates the optimization plot as shown in Fig. 3-5. Assuming 

the first order model is adequate for describing the relation between cohesion and factors, 

the model is  
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Fig. 3-5 Optimization Plot for cohesion    

0.7455 0.0963 0.3034 0.0456 0.2541 0.0672 0.0734A B C D AB ADY X X X X X X= + − + + + +   3-2                                                                                                          

By simulating with above model, the lowest achievable cohesion is 0.0523. Since the 

desirability evaluates how a combination of operation parameters satisfies the desired 

response, a desirability of 0.7746 indicates that it is not quite effective at minimizing the 

cohesion. One Also, based on the limited data set, residuals did not appear to be 

problematic.  

3.3.2 Bulk Density   

Before reducing the order of model, as shown in Fig. 3-6, the only factor that can 

significantly influence the bulk density is the interaction effect of API concentration (A) 

and Avicel PH-102 ratio (B). And the R-square is only 16.62%, which illustrates that 

results were quite unreliable. From Fig. 3-7, there is a significant difference between 

originals and replicates. Therefore, blocking was considered here as an effective 

approach to smooth out the difference.  
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Fig. 3-6 Pareto Chart of the standardized effects for bulk density  

 

Fig. 3-7 Scatterplot of bulk density versus experimental order 

Fig. 3-8 shows the Pareto Chart after blocking the orginal experiments and replicates and 

reducing the model order. The R-square now increases up to 56.52% and significant 
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effects include interaction effect of API concentration (A) and Avicel PH-102 ratio (B) as 

well as the main effect of API concentration.  

 

Fig. 3-8 Pareto Chart for bulk density after blocking and reducing model order 
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Fig. 3-9 Main Effects Plot for Bulk Density  

Fig. 3-9 and 3-10 illustrate the main effects plot and interaction effect plot. High API 

concentration reduces bulk density. There exists strong interaction effect, namely that at 

high API concentration, bulk density increases as the Avicel PH102 increases. However, 

at low level of API concentration, bulk density decreases the Avicel PH102 proportion 

increases.  

 

Fig. 3-10 Interaction Plot for Bulk Density  

1-1

0.95

0.90

0.85

0.80

0.75

0.70

0.65

0.60

Avicel PH-102 Ratio(B)

M
ea

n

-1
1

Conc.(A)
APAP

Interaction Plot for Bulk Density(g/ml)
Data Means

 
 



64 
 

 

Fig. 3-11 Contour Plot for Bulk Density 

Finally, Fig. 3-11 shows the contour plot for bulk density while holding the two factors of 

lactose type and lubricant level at fast flow lactose and 30 seconds respectively. It is in 

accordance with the previous analysis, i.e., a low level of API concentration and 

excipient can give rise to the highest bulk density.  
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Fig. 3-12 Pareto Chart of the standardized effects for tensile strength 

For the tensile strength, all main effects are statistically significant. The interaction 

effects of APAP concentration with all the remaining factors are also significant. It 

indicates that tensile strength is sensitive to both process parameters and formulation. Fig. 

3-13 and Fig. 3-14 show the main effects and interaction effects on the tensile strength. 

The tensile strength can be enhanced by increasing the concentration of Avicel PH102 or 

adding regular lactose. In contrast, it is adversely propertional to API concentration and 

lubrication time. There are mild interaction effects that exist between the API 

concentration and other parameters. Specifically, high APAP concentration reduces the 

effects of Avicel PH 102 and lactose type and lubrication time. Without reducing the 

model order, the R-square approaches 97.9%, which demonstrates the reliability of 

analysis results. From the cube plot, Fig. 3-15, it illustrates that a highest tensile strength 
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is achievable at low level of lubrication time and APAP concentration, high level of 

Avicel PH102 and regular lactose.  

 

Fig. 3-13 Main Effects Plot for Tensile Strength  
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Fig. 3-14 Interaction Effects Plot for Tensile Strength  

  

Fig. 3-15 Cube Plot for tensile strength    

  

Fig. 3-16 Residuals Plots for tensile strength    
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Also, a first order model was built to predict the tensile strength, which is in agreement 

with the experimental results.  

  

3-3 

Fig. 3-16 shows the residuals plots tensile strength. The histogram and normal probability 

plot displays that residuals are normally distributed. The fitted plot displays that residual 

values are independent of Tensile Strength magnitude and residuals are fairly high. The 

residuals appears to large in batch 5, 6 and 7.  

3.3.4 Correlation  

 

Fig. 3-17 Contour Plot between tensile strength, bulk density and cohesion 

The properties of tablets are  related to powder density and flowability. The map in Fig. 

3-17 shows that tensile strength is highest at a low bulk density and cohesion or high bulk 

density and cohesion. In contrast, it becomes relatively low when bulk density is high and 
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cohesion is low and vice versa. It seems that the interaction effect between cohesion and 

bulk density can significantly influence the tensile strength.  However, it is difficult to 

find a quantitative relationship between tensile strength and bulk density and cohesion. 

According to the experimental conditions, it is more scientifically sound to predict tablet 

tensile strength based on excipient and API content as suppose to the bulk density and 

cohesion properties.  

3.4 Summary 

From blends to tablets, the levels of excipient, API content, and lubricant had a 

significant and usable effect on cohesion and tensile strength. Bulk density appear to be 

fair less dependent on our factors. Tensile strength prediction based on Excipient, API 

content, and Lubricant levels has higher utility than prediction based on powder 

properties.  
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Chapter 4 

Conclusions and future prospectives 

4.1 Conclusion  

In this dissertation, a continuous high-shear wet granulator was characterized based on a 

placebo formulation comprising of 70% 𝜕𝜕-lactose monohydrate and 30% microcrystalline 

cellulose. An I-optimal design of experiments was conducted to investigate the influence 

of several crucial variables on granule properties. These include two process parameters, 

rotation speed and L/S ratio and two design parameters, blade configuration and nozzle 

position. Rotation speed and L/S ratio were found to be the most important factors in 

determining the granules properties.  

For this Glatt continuous granulator, an optimum operational condition for this lactose 

and MCC formulation was L/S ratio 0.3 and rotation speed at approximately 275RPM or 

660RPM. These operation conditions provide the maximum hold up and energy input, 

thus producing a more desirable particle size distribution. The largest D50 is around 200 

microns while the largest growth ratio is about 2. Granules from all selected batches are 

either easy-flowing or free flowing. The compaction highly depends on the granules 

particle size distribution after milling. Overall, it decreases with the increase of D50. The 

granules compactability from batch 4 and 14 are close to each other because of the same 

L/S ratio. Since granules of batch 14 are fluidized and densified, it produced granules 

with smaller porosity and was relatively less compressible than batch 4.  
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4.2 Suggestion for future work  

In this thesis, the focus was on the parametric analysis of Glatt high shear continuous 

granulator. Based on the penetration test, improved granulation performance would be 

achievable if the dripping mode nozzle was replaced by spraying mode nozzle. In 

general, a relatively small droplet size is conducive to accelerating the penetration 

process. Also, porosity is an important attribute of granules, which could be tested by 

mercury intrusion porosimetry. This is important because it is directly related to the tablet 

hardness. To have a better understanding of the powder flow behavior inside the 

granulator, residence time distribution test is highly recommended. Given different 

granulation mechanisms, it would be meaningful to compare the performance of this 

Glatt granulator to other granulators, such as the Lodige continuous high shear 

granulator, twin screw granulator (Thermo Pharma 16 TSG) and batch high shear 

granulator (Diosna P 1-6).  
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