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Abstract2

Nowadays, screw feeders are popular equipment in the pharmaceutical industry.3

However, despite the increasing research in the last decade in the manufacturing of4

powder-based products, there is still a lack of knowledge on the physics governing the5

dynamic behaviour of these systems. As a result, data-driven models have often been6

used to address process design, optimisation and control applications.7

In this paper, a methodology for the modelling of twin screw feeders has been8

suggested. A �rst order plus dead time model has been developed where a hybrid9

mechanistic-empirical approach has been used. Di�erent powders and two screw feeder10

geometries have been investigated. The model predictions are in good agreement with11

the experimental measurements when the 35-mm diameter screws are employed. When12

the 20 mm- diameter screws are used, the validity range of the model is limited for the13

least cohesive powders, suggesting that their screw speed-dependant resistance to �ow14

in small screws requires further investigations.15

Keywords16
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1 Introduction18

Over the last decade, the potential application and advantages of the continuous manufac-19

turing of powder-based processes in the pharmaceutical industry have been widely investi-20

gated1�14. This research interest is consistent with the Quality-by-Design (QbD) initiative21

promoted by the U.S. Food and Drug Administration (FDA), which essentially aims to en-22

hance the process understanding and encourage the development of methodologies for online23

measurements of material properties, real-time control, optimisation and design space2,5,6.24

In continuous tablet manufacturing feed rate accuracy is essential, in order to ensure the25
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required ratios between di�erent ingredients (API, lubricant and excipient) for the desired26

formulation6,15. However, cohesive and poorly �owing powders can be di�cult to accurately27

feed. Screw feeders are commonly employed for powder metering in continuous tablet man-28

ufacturing. They consist of a hopper, as receptacle of the powder, a �ow-aid system, which29

is typically an agitator, and one or two (�twin�) screws which act as a conveying mechanism.30

The mass �ow rate is controlled by continuously weighing the feeder and adjusting the screw31

speed. These feeders are also called �loss-in-weight feeder�. They operate under �gravimet-32

ric mode� when the control system regulates the screw speed to correct the mass �ow rate33

(closed loop system), whilst they run under �volumetric mode� during re�ll operations (open34

loop system), as the weight of the feeder is increasing7.35

Notwithstanding the increasing research in particle technologies and pharmaceutical ap-36

plications, the development of �rst-principles models of feeders is limited16 and the behaviour37

of bulk solids is still being investigated9. They may exhibit both solid- and liquid- like be-38

haviour and it is not well understood how physical properties and operating and geometrical39

variables interact and a�ect the feeding operation17,18. Thus, the problem is often treated like40

a black-box process. Data-driven modelling techniques, such as response surface or kriging41

techniques, have been proposed by several authors to predict the feeder behaviour1,18.42

A large number of physical properties of the bulk solid may signi�cantly a�ect the feeder43

performance. Examples of important material properties are cohesion, particulate descrip-44

tors, compressibility, rheology, �ow, permeability and porosity19. Multivariate methods have45

been suggested to develop predictive models for both volumetric and gravimetric modes5,20.46

A statistical approach was also suggested by Engish and Muzzio to predict the performance47

of loss-in-weight feeders6. They developed a methodology for characterisation of feeders,48

using relative standard deviation and analysis of variance (ANOVA) to describe the e�ect49

of feeder tooling, powder and screw speed on the feeder performance.50

Empirical or semi-empirical models have been proposed to predict the mass �ow rate out51

of a feeder in closed loop systems. Boukouvala et al.2 proposed a �rst order delay di�erential52
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equation to predict the mass �ow rate out of a feeder:53

τ
dṁ(t)

dt
+ ṁ(t) =kN (1)54

Θ
∂ṁactual(t, z)

∂t
=− ∂ṁactual(t, z)

∂t
(2)55

with initial condition ṁactual(t, z = 0) = ṁ(t). In Eqs. 1�2, ṁ(t) is the time-dependant56

mass �ow rate, ṁactual(t, z) refers to the actual mass �ow rate (delayed) out of the feeder,57

N refers to the screw speed, z is the delay domain, τ , k and Θ are model parameters.58

A semi-empirical approach was suggested by Escotet-Espinoza et al.4,21. These authors59

considered the e�ects of the pressure exerted by the powder in the hopper on the feed factor60

�, de�ned as the amount of solids within one screw pitch volume, according to the following61

equations:62

� (t) = � sat − exp[βm(t)](� sat − � min) (3)63

where m is the mass of bulk solids in the hopper, β, � sat and � min are parameters regressed64

from data. Then, the resulting mass �ow rate was estimated as:65

ṁ(t) = � (t)N(t) (4)66

Yu and Arnold22 and Roberts23 suggested physics-based models to estimate the aver-67

age, time-independent powder feed rate. These authors suggested theoretical expressions to68

estimate the volumetric e�ciency ηv due to vortex motion of the particulates. Then, the69

product between ηv and the degree of �ll or �fullness� of the screws ηf provides the overall70

volumetric e�ciency η, which is de�ned as the ratio between the volume of particulates71

conveyed and the screw volume available during one revolution. Once that the volumetric72

e�ciency is known, assuming constant bulk density ρb, the average time-independent mass73
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�ow rate can be calculated as:74

ṁ = ρbηNVScrewPitch (5)75

Discrete Element Method (DEM) simulations have also been widely used to gain a better76

understanding of the particulate behaviour in the feeding operations24�30. These methods77

can accurately predict particle packing, mass �ow and mixing10. However, their complexity78

requires high computational e�orts and a proper calibration of the physical properties of the79

particles to mimic the real system.80

In this manuscript, a mathematical model to predict the dynamic mass �ow rate out of81

twin screw feeders is presented. The vertical stress distribution in the hopper is estimated for82

di�erent hopper geometries, applying the so-called �slice element method� 31�34. The vertical83

stress is assumed to determine the e�ective powder density within the twin screws, using an84

empirical relationship suggested in the literature31,35. Geometrical details of the twin screws85

are used to calculate the volume �ow rate. The volumetric e�ciency due to the vortex86

motion of the particulates is also considered in the calculations, as it may signi�cantly a�ect87

the feed rate. The mathematical model can be applied to di�erent powders and screw feeder88

geometries. The range of model applicability in terms of screw speed depends on the powder89

properties and screw geometries.90

The remainder of the paper is organised as follows. Section 2 provides details of feeders91

and bulk solids used in the experimental investigations. In section 3 the mathematical model92

is presented. The model calibration and testing against experimental data, under volumetric93

mode, are discussed in section 4. Finally, the paper concludes with a general discussion of94

the model and its future developments in section 5.95

2 Experimental set-up and materials96

Experimental mass �ow rates, kindly provided by Eli Lilly and Company, have been used97

to develop and test the mathematical model. A total of 16 experiments involving di�erent98
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powders, feeders and operating conditions were carried out. Below, feeders and bulk solids99

are described.100

2.1 Screw feeders101

The experimental data were obtained using two di�erent feeders, Coperion K-Tron KT20102

and Coperion K-Tron KT35 (the numbers 20 and 35 indicate the size of the screw �ight,103

expressed in mm). Further geometrical details of the two twin screw feeders are not disclosed104

due to con�dentiality reasons. The feeders have, at the bottom of the hopper, a small bowl105

(volume of a few litres) with an agitator as �ow-aid system. A sketch of the equipment is106

shown in Figure 1.107

Figure 1: Sketches of the screw feeder (left, side view) and the cross sectional area of the
twin screws (right, enlarged). In the latter, casing and screws are shown. The grey areas,
i.e. the cross sectional area of the core shafts, do not contribute to the cross sectional area
available.
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2.2 Powders108

Six di�erent solids have been investigated: mannitol SD-100, lactose monohydrate, micro-109

crystalline cellulose Avicel PH 101 and 102, crosscarmellose sodium and sodium stearyl fu-110

marate. Some physical properties of the aforementioned materials, experimentally achieved111

or taken from the literature36�40, are listed in Table 1 in the supporting information avail-112

able at http://pubs.acs.org. Although the number of bulk solids investigated is limited, their113

characteristics are diverse and equally distributed in terms of cohesiveness and �owability:114

according to the classi�cation based on the Hausner ratio41,42, mannitol and lactose are non-115

cohesive, microcrystalline cellulose PH 101 and sodium stearyl fumarate are cohesive and116

microcrystalline cellulose PH 102 and crosscarmellose sodium are in the transitional group.117

Wall friction angles and e�ective angles of internal friction of crosscarmellose sodium and118

sodium stearyl fumarate have been roughly estimated assuming linearity with respect to the119

�ow function coe�cients, due to the lack of data. These approximated estimations are jus-120

ti�ed by the limited impact of these two physical properties on the model predictions (refer121

to the supporting information provided for further details on sensitivity analyses).122

3 Mathematical modelling123

The mathematical model of twin screw feeders, suitable for continuous tablet manufacturing,124

is presented in this section. Physics-based models suggested in the literature have been used125

to predict volumetric e�ciency in the screws and to determine the stress distribution along126

the hopper length. The vertical stress is assumed to a�ect the e�ective powder density127

within the screws, which is considered a time-dependant variable. The delayed dynamic of128

the feeder is also considered. Below, a detailed description of the model is given.129
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3.1 Time-dependant mass �ow rate130

To develop the predictive model of twin screw feeders, the following assumptions have been131

made:132

� the adhesion of the powder to the surface of screws and casing is supposed to be ne-133

glected as �self-cleaning� twin concave, used in the experimental data, are expected to134

minimise this phenomenon (this is an assumption, not an observation from experimen-135

tal investigations);136

� phenomena which may cause irregular hopper discharges, such as ratholing and arching137

behaviour43, have been neglected: experimental torque measurements did not show138

them, probably because of the presence of a �ow-aid system (agitator) which spins at139

a few rpm to gently breaks up cohesive materials;140

� The risk of funnel �ow is neglected and the vertical stress along the hopper's height141

is estimated according to this assumption. The extent of funnel �ow is reduced by142

the presence of the agitator. Any further e�ect of the agitator in the bowl, which143

represents a small portion of the overall hopper volume (approximately from 20% to144

10%, depending of the equipment used), has been neglected at this stage.145

A First Order Plus Dead Time (FOPDT) model, known to adequately describe the146

dynamics of several industrial application44,45, has been used to satisfactorily describe the147

mass �ow rates out of a feeder according to the following equations:148

τ
dṁ(t)

dt
+ ṁ(t) = ṁlevel(t) (6)149

ṁactual(t) = ṁ(t− θ) (7)150

151

where τ is the time constant, ṁactual(t) is the actual, delayed, mass �ow rate, θ is the dead152

time. The mass �ow rate ṁlevel(t) is the mass �ow rate reached after the initial delayed153

�rst order response, i.e. approximately after 4τ+θ 46. The noise in the mass �ow rate is154
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neglected. The mass �ow rate is calculated via a physics-based approach considering the155

screw geometry and the e�ective powder density ρe� (t):156

ṁlevel(t) = nPANρe� (t)η (8)157

where n is the number of starts of the screw thread, P is the screw pitch, A is the cross158

sectional area calculated as follows:159

A = 2π(R2
o −R2

c) + π(2cRo + c2) + 2clt + 2Rolt − πR2
o (9)160

The meaning of the geometrical parameters Ro, Rc, c and lt are depicted in Figure 1.161

3.2 Theoretical volumetric e�ciency162

The following equations have been included in the mathematical model to predict the volu-163

metric e�ciency ηv due to vortex motion of the particulates:164

ηv =
tan β

tanα + tan β
(10)165

β = tan−1
[π(Ro +Rc)− µP
P + πµ(Ro +Rc)

]
(11)166

α =90◦ − φ− β (12)167

where µ is the friction coe�cient16,22 and φ is the wall friction angle. Equations 10�12168

were suggested by Yu and Arnold16, who derived those relationships from the analyses of169

the particulate mechanics. Depending on the friction coe�cient µ, ηv can range between170

approximately 0.7 and 1, proportionally a�ecting the volume �ow rate deliverable and, con-171

sequently, the mass �ow rate. For an extensive description of the vortex motion of the172

particulates, the reader is referred to16,22. The overall volumetric e�ciency η is calculated173

as the product between ηv and the degree of �ll ηf . In this work, the degree of �ll is in-174
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corporated in the e�ective density ρe� , as previously suggested by other authors4,21. The175

calculation of the e�ective density will be described in the next section.176

The friction coe�cient µ has to be estimated to predict the volumetric e�ciency. Yu177

reported very close predictions of ηv when using Eq. 10 and the following equation23:178

ηv = 1− 1 + 2πµζav
4π2ζ2av + 1

(13)179

where ζav = (ζo + ζc)/2, with ζo = Ro/P and ζc = Rc/P .180

Therefore, to reduce the number of model parameters, µ has been calculated as �rst181

approximation assuming Eq. 10 = Eq. 13 and solving for µ. The friction coe�cients used182

in this work are listed in Table 2 in the supporting information.183

3.3 Time-dependant powder density184

As suggested by Escotet-Espinoza et al.21 and con�rmed experimentally, for a constant screw185

speed the mass �ow rate decreases as the hopper �ll level decreases. The amount of solids186

in the hopper exerts a vertical stress on the powder entering the twin screws, which a�ects187

how the powder �lls the available volume between the surface of the screws and the casing.188

Several empirical relationships have been suggested in the literature to correlate stress and189

density of food and pharmaceutical powders47�51. However, here the e�ective powder density190

incorporates the degree of �ll of the screws, as previously mentioned. Hence, the e�ective191

powder density di�ers from the bulk density. The e�ective density has been satisfactorily192

predicted by the empirical relationship suggested by Malave et al., which can be reformulated193

as follows31,35:194

ρe� (t) = ρ0 + κ ln
[σv(t)

1000

]
(14)195

where ρ0 describes the e�ective density under no vertical stress, σv is the vertical stress196

expressed in kPa. Both ρ0 and κ are found by �tting the model to experimental data.197
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The estimation of the e�ective density by the vertical stress allows to explore the impact198

of the hopper geometry and friction properties on the feed rate.199

3.4 Vertical stress distribution in the hopper200

The stress distribution along the height of the hopper, for symmetrical geometry, can be201

estimated from the equilibrium of forces. The stress distribution depends on both hopper202

geometry and powder properties. It also depends on the state of stress, which can be203

active (during the �lling of the hopper, also called �static condition�) or passive (during the204

discharging, also called �dynamic condition�)31,34. In the static condition, the lines of major205

principal stresses are predominantly vertical. In the dynamic condition, because of �owing206

solids, the lines of the major principal stresses are predominantly horizontal33,52,53. However,207

only a portion of the particle bed in the hopper is a�ected by the dynamic condition. It can208

be assumed that the upper section of the hopper is undisturbed by the withdrawal of the209

powder. Therefore, during the emptying phase, the stress distribution in the upper section210

is still in a static condition. Hence, there is a point of discontinuity at the transition between211

the stress distribution in dynamic condition, with horizontal major principal stress (at the212

bottom of the hopper), and the stress distribution still in static condition, with vertical major213

principal stress (at the top section of the hopper). This point of discontinuity is known as214

�switch point� and has been investigated by several authors33,52,53. In the case of a cylindrical215

hopper with conical bottom end and assuming that all particles are in motion during the216

emptying (i.e. no funnel �ow), the location of the switch point is typically assumed at the217

transition from vertical walls to inclined walls43,53, as shown in Figure 2.218

The switch point, in this work, is assumed between the hopper and the bowl at the bot-219

tom, where the �ow-aid system is installed and the geometry changes. Further experimental220

and computational investigations may be bene�cial to validate this assumption. However,221

when performing a sensitivity analysis, according to the model the location of the switch222

point is not crucial for the predicted mass �ow rate (see supporting information).223
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Figure 2: Example of vertical stress distribution in a hopper, assuming the switch point at
the transition from vertical to inclined walls. The stress distribution depends on the powder
properties.

3.4.1 Cylindrical hopper224

From the equilibrium of vertical forces in an in�nitesimal element (Figure 3), using the so-225

called �slice element method�, with cylindrical hopper and assuming constant bulk density226

in the hopper, the following non-homogeneous di�erential equation can be obtained:227

Aσv + gρbAdz = A(σv + dσv) + τwUdz (15)228

Integrating Equation 15 and assuming σv = 0 at z=0, i.e. free surface at the top of the229

hopper, the dimensionless average vertical stress S̄z =σ̄v/ρbgd (d is the hopper diameter) in230

static conditions can be calculated as follows52:231

S̄z,s =
1

4BsDs

(1− e−4BsDsZ) (16)232

where Bs and Ds are function of both e�ective angle of internal friction and angle of friction233

at the wall, Z is the dimensionless depth z/d. The subscript s refers to the static condition.234
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Figure 3: Forces acting on a slice element in an in�nitesimal section of a cylindrical hopper.
The sides of the slides are assumed to be parallel to the hopper walls. A is the cross sectional
area, U the perimeter, all the other symbols have their usual meaning.

Below the switch point, the dimensionless average vertical stress S̄z is computed from:235

S̄z,d =
1

4BdDd

[1− e−4BdDd(Z−Zsw )] + S̄zsw e
−4BdDd(Z−Zsw ) (17)236

where S̄zsw is the dimensionless average vertical stress calculated at the switch point, which237

occurs at depth zsw and is calculated by Eq. 16. The subscript d refers to the dynamic238

condition. The reader is referred to52 for the detailed derivation of the dimensionless stress in239

cylindrical hoppers, such as the one used with the feeder K-Tron KT20. For other geometries,240

such as conical or wedge-shaped hoppers, Equations 16�17 are not valid, as the equilibrium241

of forces slightly di�ers32,33,43,54,55.242

3.4.2 Conical hopper243

An asymmetrical conical hopper was used with the feeder K-Tron KT35. The asymmetrical244

geometry leads to three linear ordinary di�erential equations to simultaneously be solved to245

predict the stress distribution. Limited studies are available for the rigorous estimation of246

stress distribution in asymmetrical hoppers56.247
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It is assumed in this work that, for conical hoppers, the vertical stress is mainly a�ected by248

the height of powder and that the asymmetrical cone can be approximated by a symmetrical249

one.250

The equilibrium of vertical forces in an in�nitesimal element of a symmetrical conical251

hopper is given by33:252

dσ̄

dz
+

4σ̄

d− 2z tanα
[ED + tanα(D − 1)] = ρbg (18)253

where E is function of wall friction angle33, e�ective angle of internal friction and wall254

inclination α. From integration of Eq. 18, at static condition and assuming free surface at255

the top of the hopper, the dimensionless average vertical stress S̄z is
33:256

S̄z,s =
1− 2Z tanα

2 tanα(Ks − 1)
[1− (1− 2Z tanα)Ks−1] (19)257

where Ks = 2(EsDs/ tanα +D − 1).258

When emptying, in dynamic conditions, S̄z is calculated as follows:259

S̄z,d =
1− 2Z tanα

2 tanα(Kd − 1)

[
1−

( 1− 2Z tanα

1− 2Zsw tanα

)Kd−1]
+ S̄zsw

( 1− 2Z tanα

1− 2Zsw tanα

)Kd

(20)260

where S̄zsw is calculated with Eq. 19 at Z = Zsw . Due to the limited impact on the results261

(Figure 12), at this stage the switch point has been assumed between hopper and bowl,262

similarly to the cylindrical hopper.263

3.5 Time-dependant hopper �ll level264

At each instant t, the dimensionless vertical stress exerted on the bottom of the hopper is265

estimated by Eq. 17 when using cylindrical hoppers, whilst by Eq. 20 when using conical266

hoppers. The depth z is the hopper �ll level H(t). The latter depends on the time-dependant267

particle bed volume V (t) in the feeder hopper (intended as the whole receptacle, bowl in-268
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cluded) and its mass m(t):269

H(t) =f(V (t)) (21)270

V (t) =m(t)/ρb (22)271

d(m(t)−min)

dt
=− ṁactual(t) (23)272

where f(V (t)) is a generic function of the particle bed volume in the hopper and depends273

on the hopper geometry, either conical or cylindrical. In the latter, the height is simply the274

ratio between the particle bed volume and the cross sectional area of the hopper. In the275

conical hopper, the �ll level is correlated to the weight of powder through a second order276

polynomial regression. min is the mass of solids initially loaded into the hopper. The mass277

of solids in the twin screws can be neglected.278

As can be noted from the mass balance in the feeder hopper (Eq. 23), no periodic re�ll279

has been considered at this stage.280

4 Model performance281

The experimental behaviour of six of the most commonly used powders in the pharmaceutical282

industry has been studied. All powders were investigated at two di�erent screw speeds using283

the feeder K-Tron KT20. Additionally, two powders were also investigated using the feeder284

K-Tron KT35, at two screw speeds. Further information on the experimental settings are285

given in the supporting information. The goal is to identify a general model that can capture286

the dynamics of several powders in di�erent conditions.287

4.1 Model calibration288

The mathematical model consists of Eqs.6�12, 14, 21�23 and either Eqs. 16�17 (when289

cylindrical hopper is used with K-Tron KT20) or Eqs. 19�20 (when conical hopper with290
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K-Tron KT35). Four model parameters are required:291

1. τ , the time constant in Eq. 6, which describes the step response of the mass �ow rate;292

2. θ, i.e. the dead time in Eq. 7;293

3. ρ0, which is the e�ective powder density within the screws assuming no vertical stress,294

see Eq. 14;295

4. κ, which relates the vertical stress and the e�ective powder density according to Eq.296

14.297

The mathematical model has been posed as an unconstrained optimisation model and298

the four parameters above have been identi�ed by minimising the mean square error MSE299

between experimental and predicted values:300

MSE =
1

n

n∑
i=1

(ṁexp − ṁpredicted)
2 (24)301

Below, a description of data and procedure used for the model calibration is given.302

4.1.1 Experimental data303

A total of sixteen experiments, twelve using K-Tron KT20 and four using K-Tron KT35,304

have been investigated. Eight experiments have been used to calibrate the model, one for305

each powder and feeder, whilst the remaining eight have been used to test the model. The306

feeder was run under volumetric mode. Except when using microcrystalline cellulose Avicel307

PH 102 in the K-Tron KT20 at 7.71 rpm, all experiments were carried out until no more308

powders were fed out of the screw feeder. In general, the weight of the residual material309

in the hopper was lower than 200 g. The experimental mass �ow rates were calculated310

as ṁexp = ∆mexp/∆t at each point. The sampling rate is not constant but automatically311

determined by the equipment. To smooth the data and simplify the parameter estimation,312

a thirty-point centred moving average was calculated. The experimental data set have been313
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further cleaned removing initial negative �ow rates (which cannot be calculated by the314

model), when present, and peaks signi�cantly larger than the average mass �ow rate (over315

one order of magnitude). For most of the bulk solids, an abrupt drop in the mass �ow rate316

occurs after the feed rate becomes lower than the average feed rate by approximately 30%.317

This indicates that the hopper is almost empty. Below this minimum hopper �ll level, the318

mass �ow rate quickly approaches zero and a limited number of experimental points were319

obtained. These values have a negligible e�ect on the model parameters and have not been320

considered when calculating the mean squared error.321

4.1.2 Solution procedure322

The model parameters have been identi�ed using two solvers for unconstrained optimisations323

in MATLAB, fminsearch and fminunc. No signi�cant di�erences have been observed using324

both solvers. Ordinary di�erential equations have been solved using the solver ode45, based325

on an explicit Runge-Kutta (4,5) formula. For a few of experiments, involving a large326

number of data points and higher �uctuations in the mass �ow rate, the solver ode45 have327

not provided good �ts. For these data, lower-order but more robust solvers such as ode23 or328

ode23s have been used instead.329

4.1.3 Estimated parameters330

The model calibration is discussed in this section. The identi�ed parameters are listed in331

Table 1.332

The calculated mass �ow rate using lactose monohydrate and microcrystalline cellulose333

Avicel PH 102 with K-Tron KT20 and K-Tron KT35 are shown respectively in Figure 4,334

Figure 5 and Figure 6. The calibrated model captures well the trend of the mass �ow335

rates, despite the signi�cantly di�erences in the feeder geometries, operating conditions and336

powder properties. The largest deviation from the experimental data has been achieved337

using lactose monohydrate in K-Tron KT20 at 77.1 rpm (Figure 4). In this case, the system338
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dynamics is not accurately described by a �rst order di�erential equation, as both the initial339

increase and then the decrease of the feed rate are almost linear with time. However, the340

�rst order response remains the most suitable trend to generally describe the mass �ow341

rates experimentally investigated here. Boukouvala et al.2 suggested a �rst order di�erential342

model as well, despite they included a system delay.343

Table 1: Parameter estimation results. Acronyms used for bulk solids:
MCC=Microcrystalline Cellulose Avicel PH, CCS=Crosscarmellose Sodium, SSF=Sodium
Stearyl Fumarate.

Bulk solid Speed ρ0 κ τ θ MSE Feeder
[rpm] [kg m−3] [kg m−3] [s] [s]

Mannitol 7.71 253.27 23.93 99.77 54.35 3.20×10−3 K-Tron KT20
Mannitol 19.2 552.52 2.79 14.57 5.81 9.60 ×10−3 K-Tron KT35
Lactose 77.1 561.15 50.82 14.78 0.00 5.09×10−1 K-Tron KT20
MCC 101 38.50 86.22 1.26 14.22 33.43 2.10×10−3 K-Tron KT20
MCC 102 7.71 187.12 -63.31 13.52 92.51 1.60×10−3 K-Tron KT20
MCC 102 38.4 354.00 12.68 11.46 4.50 1.52×10−1 K-Tron KT35
CCS 61.70 314.31 26.38 12.98 27.70 6.51×10−2 K-Tron KT20
SSF 61.70 131.23 10.46 17.98 8.20 2.40×10−3 K-Tron KT20

Figure 4: Model calibration using lactose monohydrate, feeder K-Tron KT20, screw speed
77.1 rpm. The blue line represents the measured values, the red line is the model response.

The physical properties of the materials, the feeder geometry and the operating conditions344
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Figure 5: Model calibration using microcrystalline cellulose PH 102, feeder K-Tron KT20,
screw speed 7.71 rpm. The blue line represents the measured values, the red line is the model
response.

Figure 6: Model calibration using microcrystalline cellulose PH 102, feeder K-Tron KT35,
screw speed 6.4 rpm. The blue line represents the measured values, the red line is the model
response.
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signi�cantly a�ect the withdrawal of the powder from the hopper outlet and their conveyance345

through the screws. Hence, di�erent dead times are achieved. Generally, the dead time346

decreases as the screw speed increases, according to the decreased residence time of the bulk347

solids within the twin screws. However, when using lactose monohydrate, the estimated dead348

time θ is zero (see Table 1), which is not consistent with the geometry of the equipment.349

This is due to the experimental investigations in question. In fact, in the said three cases, to350

overcome the initial reluctance of the powder in the hopper to �ow downwards, the motor351

had been turned on and o� before the actual experimental feeding operation, at constant352

screw speed and until the hopper is emptied (no interruptions), started. Therefore, when the353

actual experiment started, the screws were already partially �lled by the materials and the354

powder in the hopper had already been in motion, in contrast to the other experiments where355

the operation started with un�lled screws. As a result, a mass �ow rate was immediately356

recorded when the motor was turned on. These data may be used only to partially describe357

the system dynamics during the start up.358

In Table 2, estimated dead times and mean residence times along the screws (in the choke359

section, i.e. in the section of the screws extending beyond the hopper exit, and including360

the estimated degree of �ll) are shown. In most of the investigated cases, the dead time is361

larger than the residence time, which may indicate also some resistance for the powder to362

be discharged from the hopper from a static condition. Using mannitol with feeder K-Tron363

KT35, the dead times is shorter than the residence time probably because of some solid364

residuals on the screws before the start of the experiment (before it was run at 19.4 rpm, it365

had been run for approximately 10 s at 12.7 rpm).366

The values in Table 2 suggest that the overall delay is a function of physical properties367

and operating conditions. The short number of experimental data used does not allow for368

the identi�cation of the nature of the dead time over di�erent con�gurations, which is the369

objective of future works. The mean residence time, calculated as the ratio between holdup370

and feed rate, can be used as dead time only as a rough estimation. Furthermore, the371
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calculated dead time will be relevant only for the description of start up operations. If this372

is the case, the residence time may be used as a good estimation of θ when re�lling. Further373

experimental investigations, including re�ll, are required to gain a better understanding of374

the main causes of the dead time in di�erent conditions. At this stage, the values of θ from375

the model calibrations are more accurate to predict the start-up only if the screw speed is376

not markedly varied from the values used in the model calibration, otherwise the residence377

time can be a reasonable estimate.378

Table 2: Comparison between estimated dead time θ and mean residence time along the
screws.

Bulk solid Feeder Speed θ Mean residence time
[rpm] [s] [s]

Mannitol K-Tron KT20 7.71 54.35 34.85
Mannitol K-Tron KT35 19.20 5.81 16.49
Lactose K-Tron KT20 77.10 0.00 3.42
MCC 101 K-Tron KT20 38.50 33.43 6.64
MCC 102 K-Tron KT20 7.71 92.51 32.94
MCC 102 K-Tron KT35 38.40 4.50 8.25
CCS K-Tron KT20 61.70 27.70 6.64
SSF K-Tron KT20 61.70 8.20 4.16

4.2 Model testing379

In this section, the model is tested over experimental data. Despite this, further experimental380

work is required to su�ciently determine the validity of the model for other systems.381

Figures 7�8 show, respectively, the estimated feed rates of mannitol SD-100 and micro-382

crystalline Avicel PH 102 using the K-Tron KT35, whilst in Figures 9�12 the predictions383

of the model when feeding several powders with the K-Tron KT20 are depicted. Figures384

13�14 show the impact of operating and design variables on the e�ective density when a low385

cohesive materials such as the mannitol is fed. These results are discussed below.386
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4.2.1 Predictions using feeder K-Tron KT35387

As can be seen in �gures 7�8, the model is able to satisfactorily predict the feed rate of388

both powder fed with the feeder K-Tron KT35. In both cases, the prediction is relatively389

good despite the model was calibrated with data at signi�cantly higher speed. A small390

overestimation of the mass �ow rate can be observed in both simulations, with a deviation391

between predicted and measured time-averaged values by approximately 5%.392

Figure 7: Predicted mass �ow rate using mannitol SD-100 and feeder K-Tron KT35, screw
speed 6.4 rpm. The blue line represents the measured values, the red line is the model
response.
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Figure 8: Predicted mass �ow rate using microcrystalline cellulose Avicel PH 102 and feeder
K-Tron KT35, screw speed 6.4 rpm. The blue line represents the measured values, the red
line is the model response.

4.2.2 Predictions using feeder K-Tron KT20393

As illustrated in Figure 9, the model can approximately estimate the feed rate after the start-394

up when using crosscarmellose sodium in the K-Tron KT20, despite the signi�cant change in395

the operating conditions and the limited data set available for model calibration. The feed396

rate of crosscarmellose sodium drops at the end of the simulation because the initial hopper397

�ll level was very low and the initial overestimation of the �ow rate, due to the inaccurate398

dead time, causes an earlier hopper depletion. Reasonable predictions are achieved also399

when sodium stearate fumarate is fed, as depicted in Figure 10. Crosscarmellose sodium400

and sodium stearyl fumarate are two among the most cohesive powders, according to the401

classi�cation based on the Hausner ratio (i.e. the ration between tapped bulk density and402

loose bulk density42), as well as the powders with the lowest values average particle size403

(both D32 and D43, for further details see Table 1 in the supporting information).404

For both powders, crosscarmellose sodium and sodium stearate fumarate, the initial405

dynamics predicted by the model is not in agreement with the experimental data. In these406

simulations, considering the signi�cant di�erent screw speeds from the ones used during the407
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parameter estimation, the residence time has been used as estimation of the dead time.408

However, the experimental dead time is signi�cantly larger. It is worth noting that both409

measured feed rates, at the beginning of the operation, show a �rst small peak approximately410

at the calculated residence time (at around 30 seconds for crosscarmellose sodium, Figure411

9, and at around 10 seconds for sodium stearate fumarate, Figure 10). However, after the412

small peak, no materials is fed for a few seconds. This may be related to an irregular initial413

hopper discharge, perhaps caused by a powder bridge, which makes the estimation of the414

initial dead time particularly challenging. This phenomenon requires further investigations.415

When mannitol and lactose monohydrate are fed through K-Tron KT20, the model pre-416

dictions show signi�cant discrepancies from the experimental measurements when the op-417

erating range signi�cantly di�er from calibration range (Figures 11�12). Similar results418

have been achieved when investigating the behaviour of microcrystalline cellulose. A larger419

amount of experimental data is needed for the model calibration, probably the e�ective den-420

sity model is too simple to accurately predict the dynamics of the system for these powders421

in a small feeder and over a large operating range. The reason lies in the varying resistance422

to �ow which, for the least cohesive powders such as mannitol or lactose, decreases when423

the screw speed signi�cantly increases. This screw speed-dependant resistance to �ow is424

consistent with the experimental observations reported by Freeman and Millington-Smith57.425

The variation of the e�ective density with signi�cantly di�erent screw speeds, when using426

mannitol with K-Tron KT20, is shown in Figure 13.427

On the contrary, for crosscarmellose sodium and sodium stearyl fumarate, the e�ect of428

the screw speed on the degree of �ll is limited and the model can estimate the mass �ow429

rate over a larger operating range.430
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Figure 9: Predicted mass �ow rate using crosscarmellose sodium and feeder K-Tron KT20,
screw speed 7.71 rpm. The blue line represents the measured values, the red line is the model
response.

Figure 10: Predicted mass �ow rate using sodium stearyl fumarate and feeder K-Tron KT20,
screw speed 7.71 rpm. The blue line represents the measured values, the red line is the model
response.
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Figure 11: Predicted mass �ow rate using lactose monohydrate and feeder K-Tron KT20,
screw speed 7.71 rpm. The blue line represents the measured values, the red line is the model
response.

Figure 12: Predicted mass �ow rate using mannitol SD-100 and feeder K-Tron KT20, screw
speed 77.1 rpm. The blue line represents the measured values, the red line is the model
response.
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4.2.3 Impact of screw design and speed for low-cohesive powders431

The screw speed-dependant resistance to �ow mentioned above, for powders such as lactose432

monohydrate or mannitol, is intensi�ed in small pitch volume. This can be seen in Figure 13,433

where mannitol is investigated in the same feeder at two signi�cantly di�erent screw speeds.434

As can be seen, for equal vertical stress, the degree of �ll is signi�cantly larger at higher435

screw speed. When larger screws are used (K-Tron KT35), the impact of the screw speed on436

the degree of �ll is limited and the feeder, for similar screw speed and equal vertical stress,437

operates with signi�cantly higher degree of �ll (Figure 14). These results indicate that the438

degree of �ll is a complex function of physical properties, screw speed and screw geometry439

and cannot be captured by shortcut models over a large operating range, in particular for440

low-cohesive powders and small twin screws.441

Figure 13: E�ective density against vertical stress, using mannitol and K-Tron KT20 at two
di�erent screw speeds. The red line represents the simulated feed rate at 7.71 rpm, whilst
the blue line represents the simulated feed rate at 77.1 rpm.
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Figure 14: E�ective density against vertical stress, using mannitol with both K-Tron KT20
and K-Tron KT35 at two similar screw speeds. The red line represents the simulated feed
rate using K-Tron KT20, whilst the blue line represents the simulated feed rate using K-Tron
KT35.

4.3 Comparison with state-of-the-art models442

In this section, the performance of the model proposed in this work is compared with the443

models currently suggested in the literature to predict the mass �ow rate out of a feeder.444

Three mathematical models have been used:445

1. the model suggested by Boukouvala et al.2 (Eqs. 1�2), requiring three parameters;446

2. the model developed by Escotet-Espinoza21 (Eqs. 3�4), requiring three parameters;447

3. the model proposed by Yu16 (Eq. 5), requiring one parameter.448

Yu proposed a mechanistic approach to estimate the time-averaged feed rate at constant449

screw speed, whereas the other two models incorporates empirical relationships to predict450

the feed rate under gravimetric mode. The models are calibrated using experimental data451

of lactose monohydrate in the K-Tron KT20, at two markedly di�erent screw speeds. For452

all models, signi�cantly di�erent parameters have been estimated. Results are compared in453

Figure 15 (low speed case) and Figure 16 (high speed case).454
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In Figure 15, the calculated feed rate using the model developed by Escotet-Espinoza et455

al. is not clearly visible as it is identical with the feed rate calculated by Yu's model. Apart456

from the model suggested in this work, the model by Boukouvala et al. is the only model457

able to capture the step response under volumetric mode. The model by Escotet-Espinoza458

et al. was developed for gravimetric mode, hence it can solely predict the step response by459

the increase in the screw speed during the start-up (because of the control action). Since460

here volumetric mode is simulated, no controller is included and no step response can be461

predicted, at constant screw speed, by the model suggested by Escotet-Espinoza et al.462

Among the models previously suggested in the literature, the model developed by Escotet-463

Espinoza21 is the only one that incorporates the e�ect of the hopper �ll level on the feed464

rate. The decrease in the feed rate, as the hopper gets depleted, can be observed in Figure465

16. The models developed by Yu and Boukouvala et al. do not capture this phenomena.466

No models previously suggested in the literature include dead times. The model suggested467

in this work, as it is able to predict the initial dead time, the �rst order response and the slow468

decrease in the feed rate due to the hopper depletion, provides signi�cantly lower deviation469

from the experimental measurements (in terms of mean squared error) when compared to470

the other models, but it requires the estimation of an additional parameter. However, when471

the dead time θ is replaced by the residence time, the model still provides a better agreement472

with experimental data, using the same number of �tting parameters as the other models. A473

limitation of all models is related to the necessity to recalibrate them, for certain powders,474

when predicting over a large operating range, due to the screw speed-dependant resistance475

to �ow discussed in the previous sections.476
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Figure 15: Comparison between mathematical models currently available in the literature.
The blue dots represent experimental measurements, the continuous red line represents the
calculated feed rate using the model presented in this work, the orange dotted line represents
the feed rate using the model developed by Boukouvala et al., the dashed purple line repre-
sents the feed rate using the model developed by Escotet-Espinoza et al., the green dashed
line represents the feed rate using the model developed by Yu. All models have been cali-
brated over the experimental feed rate using lactose monohydrate and feeder K-Tron KT20,
at 7.71 rpm.
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Figure 16: Comparison between mathematical models currently available in the literature.
The blue dots represent experimental measurements, the continuous red line represents the
calculated feed rate using the model presented in this work, the orange dotted line represents
the feed rate using the model developed by Boukouvala et al., the dashed purple line repre-
sents the feed rate using the model developed by Escotet-Espinoza et al., the green dashed
line represents the feed rate using the model developed by Yu. All models have been cali-
brated over the experimental feed rate using lactose monohydrate and feeder K-Tron KT20,
at 77.1 rpm.
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5 Conclusions477

In this paper, a methodology for the development of a mathematical model of twin screw478

feeders is proposed. Hopper and screw models are combined using a hybrid mechanistic and479

empirical approach. A �rst order plus dead time model has been suggested. The model480

calibration has been performed for six di�erent powders and two screw feeders. Model481

predictions are in good agreement with experimental values when the largest screws are used.482

When the small screws are employed, the model can approximately estimate the feed rates483

when using crosscarmellose sodium and sodium stearyl fumarate over a large operating range,484

although the calculation of the dead time is not accurate and requires further investigation.485

Mannitol SD-100, lactose monohydrate and microcrystalline cellulose Avicel PH 101 and 102486

show a screw speed-dependant resistance to �ow and to �ll the screw pitch, particularly487

evident when using the small screws. This phenomenon is not captured by the model when488

the screw speed is investigated over a large operating range. Furthermore, the role of the489

agitator has not been explicitly considered in the model. These aspects requires further490

investigations and higher modelling complexity.491

When compared to the state-of-the-art models to estimate the feed rate out of a screw492

feeder, the model suggested in this work provides better predictions under volumetric mode.493

Furthermore, the model allows to investigate the impact of friction properties (e�ective an-494

gle of internal friction, wall friction angle, friction coe�cient) and both hopper and screws495

designs on the feed rate. Despite some simplifying assumptions require further investiga-496

tions, the modelling approach suggested in this work represents a further step towards the497

development of high-�delity mechanistic models of screw feeders.498
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Supporting Information502

Physical properties, further results from the model calibration and information regarding503

some sensitivity analyses are available at http://pubs.acs.org.504

Nomenclature

Symbols Description Units

A Cross sectional area m2

B Parameter for stress calculation

c Distance between screw �ight and

casing

mm

D Parameter for stress calculation

E Parameter for stress calculation

� Feed factor kg revolution−1

g Gravitational acceleration, 9.81 m s−2

H Height m

k Model parameter

lt Distance between twin screw centres m

m Mass kg

ṁ Mass �ow rate kg h−1

n Number of screw starts

N Screw speed rpm

P Pitch mm

R Radius mm

S̄ Dimensionless average stress

t Time s

U Perimeter m

z Time delay domain (Eq. 2) s

33



z Depth m

Z Dimensionless depth

V Volume m3

Greek Symbols

α Angle ◦

β Model parameter (Eq. 3) kg −1

β Angle (Eq. 11) ◦

phi Angle ◦

κ Model parameter

µ Friction coe�cient

η Volumetric e�ciency

ρ Mass density kg m−3

σ Stress kPa

θ Time delay s

Θ Delay factor

τ Time constant s

τ Shear stress (Eq. 15) kPa

ζ Dimensionless length, R/P

Subscripts and superscripts

av Average

b Bulk

c Core shaft

d Dynamic

e� E�ective

exp Experimental

f Fill

in Initial
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min Minimum

o Outer

s Static

sat Saturation

sw Switch

v Vortex (for η), vertical (for σ)

Acronysms

MSE Mean Squared Error

MCC Microcrystalline Cellulose

CCS Crosscarmellose Sodium

SSF Sodium Stearyl Fumarate
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