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Efficient Global Sensitivity-Based Model Calibration of a High-Shear Wet
Granulation Process

Aaron S. Yeardley, Stefan Bellinghausen, Robert Milton, James D. Litster, Solomon F. Brown∗

Department of Chemical and Biological Engineering, The University of Sheffield, Sheffield S10 2TN

Abstract

Model-driven design requires a well-calibrated model and therefore needs efficient workflows to achieve this. This

efficiency can be achieved with the identification of the critical process parameters (CPPs) and the most impactful

modelling parameters followed by a targeted experimental campaign to prioritise the calibration of these. To identify

these parameters it is essential to perform a global sensitivity analysis (GSA).

Here, an efficient GSA is applied to a wet granulation case study with the Sobol’ indices used to identify the CPPs

and impactful modelling parameters. The population balance, mechanistic model that is used requires considerable

computational effort for a GSA so a Gaussian Process surrogate is utilised to interrogate the underlying model. These

key results reduce the input-space by 80% enabling the proposal of a targeted experimental design and model cal-

ibration workflow. This substantially improves the ability to deploy model-based design to determine the impactful

parameter values, reducing the experimental effort by 42.1% compared to a conventional experimental design.

Keywords: Gaussian Process, Sobol’ Indices, Global Sensitivity Analysis, Model Calibration, Granulation,

Experimental Design

1. Introduction

A common experimental design approach is the factorial design of experiments (DOE). In a factorial DOE, the

experimental space is covered by identifying a high and a low level for every input factor (Montgomery and Runger,

2014). Every combination of input factor levels is tested experimentally and so, as a consequence, the experimental

effort increases exponentially with the number of factors. In order to reduce the required experimental effort, the

most critical process parameters (CPPs) should be identified a priori so only they are used as factors. However,

the CPPs are commonly identified heuristically which can be unreliable if the process-specific experience is limited,

e.g. due to recent process modifications or new formulations. Gaining experience through a rigorous experimental
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investigation of all process parameters requires a very high experimental effort. To identify the CPPs, a sensitivity

analysis is proposed by using a predictive model that reduces the need for heuristics. However, models for particulate

processes and product design are coupled with many parameters and degrees of freedom. Experimentally testing

every combination of input variables, across 3 to 5 length scales makes designing particulate products a costly process

in terms of time, money and materials. Consequently, researchers using experimental design methods overcame

these issues using DOE and began developing more sophisticated methods such as the sequential approach. These

methods are much more adaptive, as they offer a dynamic class of experimental design by incorporating system

knowledge through progressive steps (Garud et al., 2017). However, these more sophisticated methods do not allow

the opportunity to incorporate uncertainty using of a substantially reduced number of experiments. Therefore, this

work focuses on the development of an application of a model-driven design workflow to identify the CPPs and thus

reduce, and better target, the number of experiments to be performed using high shear wet granulation (HSWG) as a

case study.

By applying a model-driven design workflow, the most important operating ranges are identified by evaluating

model predictions to reduce the experimental effort further (Wang et al., 2019; Bellinghausen, 2020). The process

model is based on a population balance modelling (PBM) framework. Mechanistic understanding of the rate pro-

cesses is incorporated through appropriate kernels. An essential part of model-driven design is model calibration

workflows, which typically involve a combination of designed characterisation tests, parameter estimation from lab-

scale experiments and reasonable assumptions to determine all modelling parameters. It is important, therefore, to

ensure that impactful modelling parameters are identified upfront, so that an efficient model calibration workflow can

be applied (Bellinghausen, 2020). This is because the impactful parameters need to be determined more accurately,

while a lower accuracy is acceptable for the remaining parameters. As such, by focussing on the impactful paramet-

ers, the experimental or computational effort to determine parameters is reduced advancing towards improved model

predictions.

While there are a number of types of process models, in this study we will focus on PBM as it is the most

frequently used method for particulate processes such as crystallisation (Costa et al., 2007; Sulttan and Rohani, 2019),

polymerisation (Sood et al., 2016; Brunier et al., 2017), granulation (Meyer et al., 2015; Shirazian et al., 2019),

milling (Kumar Akkisetty et al., 2010; Capece et al., 2011), and mixing (Sen et al., 2012; Boukouvala et al., 2012).

PBM keeps track of particle properties over time using population balance equations as a process scaling approach.

Often, models are validated by comparing simulation results to the same experimental results used for the parameter

estimation study and so they are not critically assessed. For process design and scale up purposes it it essential that

models are fully validated using data that has not been used to train the model (Chaudhury et al., 2014). Therefore, the
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need to develop efficient methods to reduce the cost of DOE for HSWG is constrained by the lack of understanding

of both the modelling parameters and the experimental parameters. Hence, a model-driven design workflow that will

identify and further the understanding of the CPPs is essential.

Critical modelling decisions in model-driven design need to be based on a good understanding of the process

model. Additional insight is given by a sensitivity analysis that characterises the relationship between the model’s

inputs and outputs. Thus, the uncertainty in the outcome can be apportioned to the different sources of uncertainty

in the input. Sensitivity analysis has been implemented in many different research fields (for example Saltelli et al.,

2005; Rohmer and Foerster, 2011; Al et al., 2019) as it is widely acknowledged as a good practise to better understand

model behaviour. In particular, the use of a global sensitivity analysis (GSA) quantifies the variation of the model

response in the entire parameter domain fully exploring the input space to identify the CPPs of interest. Sensitivity

studies have been employed to advance particulate processes (Van Bockstal et al., 2018; Mortier et al., 2014) as it is an

effective tool to rank and prioritise the process variables and the modelling parameters helping to focus experimental

and model calibration efforts. Prioritising CPPs allow a reduction from a high dimensional model, hence further tools

such as optimisation (Wang et al., 2017) can be applied to aid the development of particulate processing for design.

Focussing on granulation, sensitivity analysis studies have been applied to help determine the most important

factors affecting the granulation output. For instance, Cryer and Scherer (2003) conducted a sensitivity analysis on

fluid-bed granulation, beginning with a 1/2 fraction factorial statistical DOE. The research determined the important

factors affecting the granule size to be bed bowl charge, binder spray rate, air flow rate, and input air temperature.

Then a PBM model sensitivity analysis was used to further the understanding available from the experimental DOE

alone, suggesting 65% of the predicted variance is accounted for from the binder spray rate. Similarly, Metta et al.

(2019) applied a GSA to further understand the complex interplay between process wide CPPs and critical quality

attributes using a flowsheet model. Wet granulation was included in the continuous tablet manufacturing process and

modelled using PBM in the model flowsheet. The GSA was achieved using the Morris method and the variance based

method of Sobol’ indices, both agreeing that the liquid feed rate to the granulator to be a CPP which affects the tablet

properties. Interestingly, the work also showed significantly less samples were needed for the Morris method but it did

not provide the detailed and quantitative information that Sobol’ indices does. This research successfully identifies the

CPPs throughout the continuous tablet manufacturing process but these studies were constrained by a computationally

expensive flowsheet. The existing research has many problems in representing a high resolution for the twin screw

wet granulation model, predicting only steady state outputs.

Therefore, this work will address the shortcomings from previous studies by concentrating on the HSWG case

study as a single unit operation model. Although there are many sensitivity analysis techniques available (such as the
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Morris method), this work requires a detailed understanding of the importance of each parameter and their interac-

tions. Consequently, this work will use a variance-based decomposition GSA method known as the Sobol’ sensitivity

indices which are considered the benchmark for GSA methods (Sumner et al., 2012; Kontoravdi et al., 2005; Xie et al.,

2019). However, as noted by Metta et al. (2019), the calculations require significant amounts of data to ensure con-

vergence of integrals to a satisfactory precision level. Due to the complexity of the underlying model, the traditional

method of computation using Monte Carlo techniques (Kucherenko et al., 2009) are computationally impracticable

for this research. Various surrogate modelling techniques reduce the computational burden by allowing the indir-

ect interrogation of the model so that a significant reduction in the number of simulations can be used to evaluate the

high-dimensional integrals. Examples of surrogate modelling techniques include polynomial chaos expansion (Brown

et al., 2013; Sudret, 2008), artificial neural networks (Li et al., 2016), and Gaussian Processes (GPs) (Marrel et al.,

2009; Yeardley et al., 2020a,b). Here, based on our previous work, the surrogate model will be developed using GPs

as they are a widely used tool for Bayesian nonlinear regression and provide an approach that predicts a distribution

allowing for uncertainties for each prediction. Furthermore, GP regression (also known as Kriging) has been proven

for predictive modelling of pharmaceutical processes (Jia et al., 2009; Boukouvala et al., 2010). The novel approach

will allow us to:

• identify of the most impactful modelling parameters for the HSWG process model,

• understand which of the operating parameters for the process are the CPPs,

• determine the parameters that will have a sufficient impact to influence the DOE independently and from inter-

actions,

• investigate the more beneficial production conditions and a reduction in experimental effort.

These goals are achieved by developing a population balance based HSWG model that is directly emulated by

a GP surrogate model enabling a reduction in the computational effort required to analytically calculate the Sobol’

indices for a GSA.

2. Modelling Tools

To perform the GSA of the HSWG, we use PBM to model the HSWG, then GP regression acts as a surrogate

model allowing the calculation of Sobol’ indices. This section will describe the background behind each modelling

tool. The nomenclature of the mathematical notation shown in the paper follows that of standard mathematics, where

a bold lower case variable represents a vector and a bold upper case variable represents a matrix.
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2.1. High-Shear Wet Granulation Process Model

This section summarises the process model for HSWG proposed by (Bellinghausen, 2020), as shown by the

process schematic in Figure 1.

Figure 1: HSWG process schematic

The model is based on a 1-D, 1-compartment population balance modelling (PBM) framework (Ramkrishna and

Mahoney, 2002) applying the lumped parameter approach (Hounslow et al., 2001). The particle size distribution is

tracked by determining the particle number density n for every size bin i over time t:

∂V n(v, t)

∂t
+

∂

∂v

[

V n(v, t)
(

Ġlay + Ġcons

)]

= V
[

ḃnuc(v) + ḃcoal(v) + ḃbr(v)− ḋcoal(v)− ḋbr(v)
]

(1)

where n is the volume-specific number density of particles, v is the particle volume, V is the control volume, Ġlay

and Ġcons are the rate of change due to layering and consolidation respectively, ḃnuc, ḃcoal and ḃbr are the birth rates

due to nucleation, coalescence and breakage, and ḋcoal and ḋbr are the death rates due to coalescence and breakage.

Rate expressions for nucleation, consolidation, coalescence and breakage are incorporated in the model using inputs

that determine the effect of each of these rate processes on the particle size. These rate expressions and underlying

modelling assumptions are described in detail by (Bellinghausen, 2020). The model is implemented in gFormulate

v1.5 (Process Systems Enterprise Ltd.).

2.2. Gaussian Process (GP) Regression

GP regression is used as a surrogate model for the PBM. This non-parametric machine learning technique enables

direct interrogation of the PBM to be replaced by a reduced model encapsulating the systems behaviour in a cheaper,

simpler framework.

The GP takes a (1×d) row vector of inputs x and returns a Gaussian random variable through calculations using the

predictive equations shown in Yeardley et al. (2020a). At the heart of this lies the kernel function k : Ri+d ×R
j+d →

R
i × R

j , expressing the correlation between responses to input samples of sizes (i × d) and (j × d). This work
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exclusively uses the automatic relevance determination (ARD) kernel (Wipf and Nagarajan, 2008):

k(x′,x) := σ2
f exp

(

−
(x− x′)Λ−2(x− x′)⊺

2

)

(2)

where Λ is a (d×d) diagonal positive definite lengthscale matrix. The GP surrogate model is learnt from mapping the

training inputs X to the observed responses y, assuming the training data takes the form y = f(X) + e where e is an

independent and identically distributed random error term. Regression uses the learned model to make predictions and

so requires the optimisation of d+ 2 hyperparameters, constituting of Λ, σf , and σe, through the maximum marginal

likelihood p[y|X] using the ROMCOMMA software library (ROMCOMMA, 2019).

2.3. Sobol’ Indices

This work implements the use of the variance based GSA using a GP surrogate model to calculate the Sobol’

Indices. The calculation of the Sobol’ indices follows Jin et al. (2004) by substituting the true simulation model with

the mean of the conditional GP resulting in semi-analytic Sobol’ indices.

Sobol’ indices are calculated as a variance-based GSA method, which describes how the variance of the output

can be decomposed into terms that are dependent on the input factors (Iooss and Lemaître, 2015). Each input has

two Sobol’ indices calculated (Sobol, 1993, 2001). The first-order Sobol’ index, Si measures the contribution to the

variance solely attributable to xi. Whereas, the total Sobol’ index, ST
i expresses the whole effect of an input on the

output, including interactions with all other inputs (Saltelli and Homma, 1996). Thus, the effect that interactions of

an input variable has with other inputs on the variance on the output is calculated by the difference between ST
i and

Si. Both indices are interpreted as the amount of variance ascribable by xi and so the larger the value of the index,

the more influential the input factor is.

The calculation of Sobol’ indices are determined through a decomposition method presented by Sobol (1993),

which evaluates each term through multidimensional integrals which requires a large sampling cost (Saltelli et al.,

2008). Many alternative designs to calculate an estimation of Sobol’ indices have been derived (Marrel et al., 2009;

McKay et al., 2000). However, in this work we have calculated the Sobol’ indices of the predicted value from a GP

so that y = f̄(x), as shown by the mathematical details described in (Yeardley et al., 2020a).

3. Methodology

A suitable workflow was produced by applying a model-driven design (see Figure 2). GSA is the key to the model

calibration and so both the modelling parameters and operating parameters undergo a GSA.

Figure 2 shows both types of parameters as separate pathways and so variations can be seen in both. Initially,

modelling parameters may be known from physics or literature so if they do, those values can be used. If not a GSA
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is needed to discover the most impactful modelling parameters. Whereas, it is always important to identify the CPPs

within the operating parameters straight away using a GSA. Figure 2 presents the GSA methodology as one box

for both the modelling parameters and the operating parameters because they are both implemented with the same

method. After both GSA’s a criterion is applied to distinguish between parameters with low or high impact dependent

on the parameters Sobol’ index. Determining which category each modelling and operating parameters falls into then

helps determine the final steps for the model calibration. These final steps help determine the procedures necessary to

efficiently calibrate the process model.
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Figure 2: Model-driven design workflow using GSA with Sobol’ indices criteria.
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3.1. Parameter Identification and Sampling

For a GSA, representative model outputs need to be selected to assess the process performance. Particle size

distribution and porosity are the most relevant product properties of wet granulation (Mittal, 2017). For this reason, the

three properties of the particle size distribution, mass-median particle diameter D50, fines mass fraction W (< 90 µm)

and coarse mass fraction W (> 1mm), are selected as well as granule porosity ε.

The HSWG process model has been experimentally verified by Bellinghausen (2020) through an assessment of

modelling assumptions and a comparison of model results to experimental trends. Individual wet granulation rate

expressions used have been experimentally validated previously (Pohlman and Litster, 2015; Davis, 2016; Sayin,

2016; Bellinghausen et al., 2019). The results confirmed that the model is accurate across a wide range of conditions

and process scales. In additional to the parameter estimation, model selection or validation is required to ensure the

model is capable of predicting experimental results.

Therefore, initially a GSA is conducted as a screening tool using model runs with different combinations of

modelling parameters. Then the model is run with different combinations of operating parameters for the second

GSA. The parameter values for the process model simulations were produced using Quasi-random (Sobol’) sampling

with a normal distribution so that the input variables were based on reasonable uncertainty ranges. The GSA tool of

gFormulate v1.5 is used for sampling and simulations. The modelling parameters and the rate process that they control

are shown in Table 1. Additionally, their mean value and their standard deviations (STD) are listed with reasoning for

each uncertainty range.

Table 2 shows the operating parameters mean and STD used for sampling the 10 l high-shear mixer filled with

2 kg of dry powder case study. Engineering rules for high-shear wet granulation were applied to derive the operating

parameter ranges which are specific to the process scale investigated.
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Table 1: The input parameters used for the Modelling Parameter GSA

Rate Process Modelling Parameter Mean STD Source

Nucleation Nuclei-to-Drop Diameter Ratio Kd [−] 1.4 0.1 Hapgood et al. (2009)

Consolidation Consolidation Coefficient kcons [−] 1.5 0.25 Assumption

Consolidation/Coalescence

Dynamic Contact Angle θ [rad] 0.2 0.1 Pohlman and Litster (2015)

Strength Parameter A [−] 7.0 0.5 Smith (2007)

Strength Parameter B [−] 220 9 Smith (2007)

Strength Parameter n [−] 0.59 0.01 Smith (2007)

Surface Tension γlv
[

mNm−1
]

73.9 0.1 Pallas and Harrison (1990)

Coalescence

Critical Pore Saturation Scrit [−] 0.16 0.01 Assumption

Collision Coefficient kI/II
[

log10 µm1.5
]

13.5 0.5 Pohlman (2015)

Elasticity Parameter kE [−] 24.9 1.8 Pohlman and Litster (2015)

Elasticity Parameter pE [−] 0.17 0.01 Pohlman and Litster (2015)

Elasticity Parameter qE [−] −6.9 0.6 Pohlman and Litster (2015)

Elasticity Parameter rE [−] −1.50 0.015 Pohlman and Litster (2015)

Height of Asperities ha [µm] 1.51 0.2 Kastner et al. (2013)

Poisson Ratio ν [−] 0.03 0.002 Pohlman and Litster (2015)

Breakage

Impact Energy Em,kin

[

J kg−1
]

1000 50 Meier et al. (2008)

Material Strength Parameter fMat

[

kgmJ−1
]

1.0 0.1 Meier et al. (2008)

Breakage Coefficient kbr [−] 0.0035 0.001 Assumption

Minimum Fragment Diameter dj,min [µm] 15 5 Vogel and Peukert (2005)

Power Law Exponent q [−] 1.2 0.1 Assumption

Table 2: The input parameters used for the Operating Parameter GSA

Operating Parameter Mean STD Design approach

Liquid to Solid Ratio L/S
[

kg kg−1
]

0.17 0.015 Induction growth regime (Iveson et al., 2001)

Impeller Frequency nimp

[

min−1
]

321 32 Roping flow regime (Tran, 2015)

Kneading Time tkn [s] 239 85 Induction time (Iveson et al., 2001)

Liquid Spray Rate V̇
[

gmin−1
]

71 9 Drop-controlled regime (Hapgood et al., 2003)
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3.2. Application of GP Surrogate Modelling for the Calculation of Sobol’ Indices

GP regression is used to encapsulate the HSWG process model in a much simpler framework enabling the semi-

analytic calculation of Sobol’ indices as shown by the modelling tools in Section 2. In this case study, the process

model has four selected outputs and so the GP surrogate model captures each output as four independent GP regres-

sion predictive tools. In the first surrogate model twenty modelling parameters are used as a (1 × 20) row vector of

inputs to predict the distribution of the four process outputs. Similarly, the four operating parameters are used in a

second surrogate model. These predictions are made using a formula that is learnt from training data produced through

sampling. GP regression involves optimising the hyperparameters using the ROMCOMMA software library (ROM-

COMMA, 2019). From there, the predictive equation is used to calculate Sobol’ indices but first cross-validation

ensures inaccuracies in the predictive capabilities of the GP surrogate models are not carried through to the GSA.

Therefore, this research tested the GP surrogate model using 5-fold cross-validation, whereby, the training data is

randomly split into five subsets. Then four of the five subsets are used as training data, while the remaining is used to

test the GP surrogate models predictions. This procedure is repeated so that every single sampling point produced is

used for testing.

3.3. Parameter Criterion

The threshold for each GSA criteria will be set by the average total Sobol’ index value for the four outputs, ŜT
i .

Firstly, the modelling parameters GSA acts a screening that uses a threshold of ŜT
i > 0.1. Any modelling parameters

that fail the criteria are not impactful and can have reasonable values from literature used.

Similarly, the threshold for the operating parameters GSA is set so that CPPs have a value of ŜT
i > 0.05. Then

these CPPs are used in the experimental design with various levels dependent on how much of an impact each has.

The focus of the experimental design should be on operating parameters with a very decisive impact (ŜT
i > 0.3).

This is achieved by introducing multiple levels for these parameters. The operating parameters with ŜT
i < 0.05 are

kept constant in the experimental design. The different thresholds for the modelling parameters GSA and operating

parameters GSA are due to the difference in the number of variables. There are a total of twenty modelling parameters

in comparison to the four operating parameters and so the threshold for the modelling parameter GSA needs to be

larger ensuring an efficient reduction in parameters.

3.4. Experimental Design Considerations

Based on the GSA results, an experimental design for model calibration and validation is proposed. Impactful

modelling parameters that can be directly derived from physical properties need to be determined by characterisation

tests. The remaining impactful modelling parameters need to be estimated from experimental data. To reduce the
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number of experiments and understand the impact of the operating conditions, all CPPs are varied in the experimental

design but the very impactful parameters (ŜT
i > 0.3) are studied in more depth through smaller step changes. This

more rigorous investigation of the very impactful CPPs is also needed to accurately estimate and validate the more

impactful modelling parameters.

4. Results

4.1. Modelling Parameter Screening

4.1.1. GP Validation

The GP surrogate model was used to predict the outputs of the HSWG model using the twenty modelling paramet-

ers shown in Table 1. To be able to confidently calculate the Sobol’ indices using a surrogate model, the predictions

produced by the GPs must be fully validated against the true simulations to ensure inaccuracies are not inherently

produced in the GSA. The GP surrogate model was tested using the 5-fold cross-validation technique (Hastie, 2009)

and the resulting diagnostic values are presented in Table 3. The residuals of each prediction are plotted in Figure 3,

comparing the true values with the predicted mean values showing a correlation that follows the red y = x trend

line. This is further exemplified by the coefficient of determination (r2) and the root mean squared error (RMSE)

values presented in Table 3 for each output. Both diagnostics measure a skill score, corresponding to the accuracy the

predicted mean (Al-Taweel, 2018), but with different scales. Further, the predictive distribution is analysed to ensure

the the GPs are not predicting with over confidence. This is shown by counting the outliers for any prediction where

it’s true standardised value is outside of the predictions 95% uncertainty distribution. Table 3 presents the outliers of

all four outputs to be between 8.80% and 11.5% inferring the residuals are not Gaussian as the outliers are greater

than the expected 5%. This shows the GPs are overconfident due some the predicted STD’s being to small making the

true validation values outside the predicted distribution. The prediction results here are in good agreement, and have

shown the GP surrogate model is sufficiently accurate for the purposes of this work.

Table 3: Resulting diagnostic values from the modelling parameters prediction GPs

Output Correlation Coefficient, r2 RMSE Outliers at 2 STD’s

D50 0.661 0.622 11.5%

Fines Fraction 0.886 0.340 8.80%

Coarse Fraction 0.741 0.509 10.1%

Granule Porosity 0.919 0.285 9.90%
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Figure 3: The residuals showing the observed standardised values against the predicted standardised values for all of the test
predictions using cross-validation.

The results from the cross-validation for the modelling parameters are satisfactory but do not show accuracy

where the GPs predict exact test values. This is because of an issue with surrogate models known as the curse of

dimensionality, where the surrogate requires an exponentially increasing number of output results throughout the

input space as the number of parameters increases.

4.1.2. Sobol’ Indices

The results are the total Sobol’ indices for the modelling GSA calculated for each output are shown in in Figure 4

where each bar corresponds to the first-order Sobol’ indices plus the remaining indices due to interactions with other

input variables. The split in the bars are to illustrate the first-order value as the bottom and the interactions as the

top. Instantly, it is clear to see in Figure 4 that interactions have a large effect on the four outputs. Additionally, each

output has different input variables influencing it with great variability. For example, the collision coefficient produces

over 80% of the total variance for D50 but only 1% of the variance for the granule porosity. Most importantly, the

total Sobol’ index values for only eight of the twenty modelling parameters are large enough to be shown clearly in

Figure 4 and so the remaining are grouped into the “remaining input variables” category.
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Figure 4: The total Sobol’ indices for the modelling parameters with respect to each output of the HSWG model. Each bar is split
to show the first-order Sobol’ indices (bottom) and the interactions (top)

For each modelling parameter, further analysis calculating the average Sobol’ index value per output (ŜT
i ) shows

which are the most impactful modelling parameters to be included in a parameter estimation. The criteria, set in

Section 3, states the ŜT
i > 0.1 for i to be an impactful parameter. All the Sobol’ index values shown in Figure 4 have

there ŜT
i presented in Table 4 clearly showing which output the modelling parameter affects the most by the colour

of the shading.
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Table 4: The impact each modelling parameter has on the four outputs where green is highly impactful and red is negligible.
Summarised in the last column by the average Sobol’ index value for each modelling parameter, ŜT

i

D50 Fines Fraction Coarse Fraction Granule Porosity Average

ST
i ST

i ST
i ST

i ŜT
i

Collision Coefficient 0.49

Impact Energy 0.04

Breakage Coefficient 0.15

Power Law Exponent 0.06

Consolidation Coefficient 0.07

Critical Pore Saturation 0.43

Nuclei-to-Drop Diameter Ratio 0.14

Height of Asperities 0.09

Remaining Input Variables 0.05

Table 4 shows an ŜT
i value greater than 0.1 for just four of the twenty modelling parameters. Therefore, they

can be reduced so that in a characterisation test or a parameter estimation analysis the collision coefficient, breakage

coefficient, critical pore saturation and nuclei-to-drop diameter ratio are estimated accurately. Whereas the remaining

modelling parameters can be fixed using default values from literature recommended previously as the means used in

the GSA sampling.

Interestingly, the two most impactful parameters, collision coefficient and critical pore saturation are the most

impactful coalescence parameters followed by the height of asperities which has a ŜT
i just below the threshold set.

The coalescence rate is proportional to the collision coefficient and the critical pore saturation impacts the coalescence

criterion. Thus, both impactful modelling parameters impact the three particle size properties the most. Whereas, the

impact the collision coefficient and the critical pore saturation has on the granule porosity is negligible as shown in

Table 4 by the red shading. The strong interaction between the two parameters shows that coalescence depends heavily

on both parameters. Additionally, the high impact of both coalescence parameters provides evidence that coalescence

is the most dominant rate process for particle size.

The breakage coefficient dominates the impact energy and the power law exponent as the most most impactful

breakage parameter. Overall, the breakage coefficient has a high impact on the granule porosity but less of an impact

on the D50 and coarse fraction showing that breakage has a negligible effect on coalescence. Yet, it has a high impact
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on fines fraction because the increase in breakage results in more fine particles.

The most impactful nucleation parameters is the nuclei-to-drop diameter ratio which determines the initial granule

size and porosity. Due to the high impact of other rate processes like coalescence, the impact which nuclei-to-drop

diameter has on size is negligible. Therefore, it mainly has a large impact on granule porosity.

4.2. Operating Parameters

4.2.1. GP Validation

A 5-fold cross-validation of the GPs used within the operating parameters GP surrogate model was performed.

The GPs predicted each of the four HSWG model outputs using the four operating parameter inputs. A plot of

the residuals shown in Figure 5 compares the observed values to the predicted mean values. The four GPs have a

high predictive quality as the datapoints lie closely to the red y = x trend line. Table 5 shows the three diagnostic

skill scores showing accurate mean predictions through the r2 and RMSE values. Further the predictions are neither

overconfident nor underconfident as the predictions are shown to be normally distributed with the outliers now much

closer to 5%. Overall, the high predictive accuracy shown from the GP surrogate models enables confidence in

calculation of the Sobol’ indices required in the GSA.
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Figure 5: The residuals showing the observed standardised values against the predicted standardised values for all of the test
predictions using cross-validation.

Table 5: Resulting diagnostic values from the operating parameters prediction GPs

Output Correlation Coefficient, r2 RMSE Outliers at 2 STD’s

D50 0.992 0.0869 6.00%

Fines Fraction 0.991 0.0959 6.05%

Coarse Fraction 0.996 0.0662 5.25%

Granule Porosity 0.999 0.0302 8.45%
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4.2.2. Sobol’ Indices

The Sobol’ indices for each of the four operating parameters were calculated with respect to the four model

outputs. The results are the total Sobol’ indices which are presented in Figure 6 where each bar corresponds to the

first-order Sobol’ indices plus the remaining indices due to interactions with other input variables. Clearly, the liquid

to solid ratio dominates all four model outputs, consistent with previous literature (Ameye et al., 2002). Both the

impellar frequency and kneading time have a small influence. The liquid spray rate has negligible total Sobol’ indices

for all four outputs.
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Figure 6: The Sobol’ indices for the operating parameters with respect to each output.

The average Sobol’ index value per output (ŜT
i ) for each operating parameter are shown in Table 6 clearly showing

the CPP’s and the impact each operating parameter has on each model output from the colour of the shading.

Table 6: The impact each operating parameter has on the four outputs where green is highly impactful and red is negligible.
Summarised in the last column by the average Sobol’ index value for each modelling parameter, ŜT

i

D50 Fines Fraction Coarse Fraction Granule Porosity Average

ST
i ST

i ST
i ST

i ŜT
i

Impeller Frequency 0.11

Kneading Time 0.05

Liquid Spray Rate 0.004

Liquid to Solid Ratio 0.94

An ŜT
i = 0.94 shows that the liquid to solid ratio has a very high impact and so Figure 2 shows the CPP should

have its crucial transition points identified. Clearly the liquid to solid ratio is dominant throughout the HSWG process

and so it is vital that it should be accurately studied and be the focus of the experimental design. Therefore, it is

recommended to have four levels in smaller step changes to identify potential critical levels of the liquid to solid ratio,
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The value for both the impeller frequency and the kneading time is 0.05 < ŜT
i < 0.3 and so the experimental

design must identify the upper and lower level of these CPPs. Interestingly, Figure 6 shows both the impeller frequency

and kneading time to have 63% and 71%, respectively, of their ŜT
i controlled by their interactions. These results are

consistent with an experimental observation (Iveson and Litster, 1998) showing that at high liquid to solid ratio, the

impeller frequency and kneading time have a higher impact because the high liquid to solid ratio aids in coalescence

of particles, ensuring major impact from the particle size.

The liquid spray rate was only varied within the recommended drop-controlled regime. Within this narrow range,

the liquid spray rate has been proven to have negligible impact on the output of the HSWG model. These findings are

in agreement with data in the literature (Smrčka et al., 2015). Therefore, the liquid spray rate can be assumed constant

because good experimental design recommendations are already available.

4.3. Experimental Design Proposal

The two GSA’s have been used for the HSWG case study in an attempt to improve the experimental design. Here,

we show the considerations that have to be made and how the analysis has reduced the work considerably. This section

is in essence a demonstration of concept to show the practicality of this research.

A conventional factorial DOE is not very useful for parameter estimation. A better experimental design is needed

that allows the identification of critical conditions. In this way, modelling parameters that depend on critical operating

conditions can be accurately estimated in an efficient way. Therefore, the results presented from both GSA’s helps

guide the experimental design that would lead to a well-calibrated HSWG model. Only four of the twenty model-

ling parameters have a significant impact and so only the values for the impactful modelling parameters have to be

determined accurately. This is done through the use of characterisation tests to derive the physical properties and

parameter estimations for empirical parameter using lab-scale experimental data. An experimental investigation of

operating parameters with a negligible impact is not beneficial for model calibration. Therefore, the proposal of a

reduced experimental design only based on the CPPs will significantly reduce the experimental effort and still reach

the goal of a well-calibrated process model.

Using these results an experimental design proposal based on the GSA results was developed for a 10 l granulator

which is shown in Table 7. The ranges for impeller frequency and liquid to solid ratio depend on the equipment scale

and formulation, respectively. In Exp 1−4, the liquid to solid ratio of the critical granulation conditions is determined.

The critical granulation conditions are defined as the lowest liquid to solid ratio at which the critical pore saturation is

reached and rapid growth occurs (Iveson et al., 2001). Rapid growth is identified by a significant increase in particle

size D50 and the formation of particles that are much greater than 1 mm. The empirical minimum porosity correlation

(Bellinghausen, 2020) is fitted using the results of Exp 1−6. At critical conditions, triplicates are performed to assess
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the reproducibility (Exp 7 − 8). In Exp 9 − 11, the kneading time is reduced at critical conditions to determine the

critical time and investigate the process kinetics in more detail at critical conditions. This is limited to the critical

conditions because the kneading time is expected to have the highest impact at these operating conditions. In this

scenario, it is recommended to use the results at critical conditions (Exp 3 and 7− 11) to estimate the three impactful

modelling parameters: collision and breakage coefficient, and critical pore saturation. The remaining experiments are

available to validate the estimates and assess the predictive power of the model.

Table 7: Recommended experimental design for parameter estimation

Exp nimp

[

min−1
]

L/S
[

kg kg−1
]

tkn [min] Explanation

1− 4 370 (high) 0.13, 0.15, 0.17, 0.19 5 (high) Vary L/S to determine critical L/S

5− 6 310 (low) 0.15, 0.19 5 (high) and estimate the porosity parameters

7− 8 370 (high) 0.17 (critical) 5 (high) Triplicates to assess reproducibility

9− 11 370 (high) 0.17 (critical) 0, 1, 3 Reduce tkn to determine critical tkn

Additionally, Figure 7 compares the proposed experimental design to a conventional experimental design that

would have been conducted without the GSA results. The conventional experimental design is a 24 factorial DOE

with three midpoint triplicates. The 3D scatter plot shown in Figure 7a shows eight high and low experiments with

a midpoint experiment shown in the middle. It must be noted that there are three midpoint experiments and another

eight high and low experiments for when the liquid spray rate value has changed. This conventional design therefore

includes a total of 19 experiments. Whereas, the proposed experimental design shown in Figure 7b, consists of eight

initial experiments to determine the critical liquid to solid ratio including three triplicates to asses reproducibility.

Then an additional three experiments to determine the critical kneading time. Therefore, the proposed design of

experiments reduces the conventional design from 19 experiments to 11 experiments. The workflow proposed reduces

the experimental effort by 42.1%. Further, the proposed method has additional benefits as it will determine the critical

pore saturation, an impactful parameter, whereas, the conventional method is not a very promising method with only

two levels of each factor. Consequently, the proposed experimental design is a very promising approach to efficiently

calibrate a HSWG process model.
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(a) Conventional (b) Proposed

Figure 7: The experimental designs for the HSWG case study.

5. Conclusion

Designing a new product via particulate processes involves testing every combination of input variables and so an

experimental study for high shear wet granulation (HSWG) is often a costly process in time, money and materials.

To help, an appropriate process model is used within a model-driven design workflow. Therefore, a model calibra-

tion workflow is proposed based on the identified critical process parameters (CPPs) and most impactful modelling

parameters. Thus better targeted experimental design can be derived with the goals to increase the usability for model

calibration and reduce the experimental effort.

To do this, an efficient global sensitivity analysis (GSA) is proposed to calculate the Sobol’ indices for the HSWG

model. In order to make the computational times practical, a Gaussian Process (GP) surrogate model is utilised to

avoid the need of a very significant number of model simulations for the evaluation of high-dimensional integrals.

The novel approach is applied using a suitable workflow so that both the modelling and operating parameters undergo

individual GSA’s, as both sets of parameters need to be considered for the experimental design.

Criteria for both the modelling parameters and the operating parameters were set so that the average total So-

bol’ index value for the four outputs, ŜT
i , were used to reduce experimental effort. The most impactful modelling

parameters were determined using a threshold of ŜT
i > 0.1 reducing the modelling parameters from twenty to just

four. The collision coefficient, breakage coefficient, critical pore saturation and nuclei-to-drop diameter ratio were

recognised as the most impactful modelling parameters where the values need to be estimated in a characterisation

test or through parameter estimation. The operating parameters used a threshold of ŜT
i > 0.05 to determine the CPPs.

The calculated Sobol’ indices found the liquid to solid ratio to dominate the HSWG process and so it should be the
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focus of the experimental design. Both the impeller frequency and kneading time were found to have an impact,

primarily controlled by their interactions. Whereas, the liquid spray rate has negligible impact on the output of the

process so it can be excluded from the experimental design by keeping the values constant from literature. Hence,

we have recommended various levels for each operating parameter as factors in an experimental design in an attempt

to estimate the most impactful modelling parameters that require parameter estimation for the model calibration of a

HSWG process model. The results show the experimental design should be focused on the liquid to solid ratio and so

four levels are recommended for this factor. Whereas, impeller frequency and kneading time can be analysed using

just two levels. Hence we have shown that the HSWG process model can be efficiently calibrated through the use of

a GP based GSA. Overall, the research has successfully completed the goals set out in Section 1 by identifying both

the most impactful modelling parameters and the CPPs. From this, the impact of each parameter on a DOE has been

analysed ensuring a proposal of a more efficient experimental design for the model calibration of a HSWG process.

The proposal substantially improves the ability to quickly deploy model-based design by determining the critical pore

saturation value while reducing the experimental effort of 42.1% in comparison to a conventional experimental design.

During this research we have applied the methodology and proposed an efficient experimental design that can

now be experimentally validated. Conducting this parameter estimation with experimental data will fully calibrate the

PBM model to a 10 l high-shear mixer filled with 2 kg of dry powder case study. Consequently, we have proposed a

much more efficient experimental design that will indicate any unidentified subprocesses. On a more practical level,

it would be beneficial to extend the work carried out in this research to any particulate processes, further reducing

the experimental costs of designing new products. Additionally, the GP based sensitivity analysis method will be

developed further to enable optimisation of the parameter values.
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