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Abstract

Nowadays, screw feeders are popular equipment in the pharmaceutical industry.
However, despite the increasing research in the last decade in the manufacturing of
powder-based products, there is still a lack of knowledge on the physics governing the
dynamic behaviour of these systems. As a result, data-driven models have often been
used to address process design, optimisation and control applications.

In this paper, a methodology for the modelling of twin screw feeders has been
suggested. A first order plus dead time model has been developed where a hybrid
mechanistic-empirical approach has been used. Different powders and two screw feeder
geometries have been investigated. The model predictions are in good agreement with
the experimental measurements when the 35-mm diameter screws are employed. When
the 20 mm- diameter screws are used, the validity range of the model is limited for the
least cohesive powders, suggesting that their screw speed-dependant resistance to flow

in small screws requires further investigations.

Keywords

Dynamic modelling, Screw feeders, Continuous tablet manufacturing, Pharmaceutical

1 Introduction

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

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

d'"'*. This research interest is consistent with the Quality-by-Design (QbD) initiative

gate
promoted by the U.S. Food and Drug Administration (FDA), which essentially aims to en-
hance the process understanding and encourage the development of methodologies for online
measurements of material properties, real-time control, optimisation and design space®55.

In continuous tablet manufacturing feed rate accuracy is essential, in order to ensure the
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required ratios between different ingredients (API, lubricant and excipient) for the desired
formulation ®'°. However, cohesive and poorly flowing powders can be difficult to accurately
feed. Screw feeders are commonly employed for powder metering in continuous tablet man-
ufacturing. They consist of a hopper, as receptacle of the powder, a flow-aid system, which
is typically an agitator, and one or two (“twin”) screws which act as a conveying mechanism.
The mass flow rate is controlled by continuously weighing the feeder and adjusting the screw
speed. These feeders are also called “loss-in-weight feeder”. They operate under “gravimet-
ric mode” when the control system regulates the screw speed to correct the mass flow rate
(closed loop system), whilst they run under “volumetric mode” during refill operations (open
loop system), as the weight of the feeder is increasing’.

Notwithstanding the increasing research in particle technologies and pharmaceutical ap-
plications, the development of first-principles models of feeders is limited ' and the behaviour
of bulk solids is still being investigated?. They may exhibit both solid- and liquid- like be-
haviour and it is not well understood how physical properties and operating and geometrical
variables interact and affect the feeding operation!”*®. Thus, the problem is often treated like
a black-box process. Data-driven modelling techniques, such as response surface or kriging
techniques, have been proposed by several authors to predict the feeder behaviour!!%.

A large number of physical properties of the bulk solid may significantly affect the feeder
performance. Examples of important material properties are cohesion, particulate descrip-
tors, compressibility, rheology, flow, permeability and porosity '°. Multivariate methods have
been suggested to develop predictive models for both volumetric and gravimetric modes 2,
A statistical approach was also suggested by Engish and Muzzio to predict the performance

6. They developed a methodology for characterisation of feeders,

of loss-in-weight feeders
using relative standard deviation and analysis of variance (ANOVA) to describe the effect
of feeder tooling, powder and screw speed on the feeder performance.

Empirical or semi-empirical models have been proposed to predict the mass flow rate out

of a feeder in closed loop systems. Boukouvala et al.? proposed a first order delay differential

3
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equation to predict the mass flow rate out of a feeder:

Td”;_t(t) +1(t) =kN (1)
8mactual(t, Z) _ amactual (tv Z)
© ot N ot @

with initial condition Mgewa(t, 2 = 0) = m(t). In Egs. 1-2, m(t) is the time-dependant
mass flow rate, mgema(t, 2) refers to the actual mass flow rate (delayed) out of the feeder,
N refers to the screw speed, z is the delay domain, 7, k and © are model parameters.

A semi-empirical approach was suggested by Escotet-Espinoza et al.*?!. These authors
considered the effects of the pressure exerted by the powder in the hopper on the feed factor
ff, defined as the amount of solids within one screw pitch volume, according to the following

equations:

ﬁ(t) = .ﬁsat - exp[ﬁm<tﬂ<ﬁsat - ﬁmm) (3)

where m is the mass of bulk solids in the hopper, 3, ff,,; and ff,,;, are parameters regressed

min

from data. Then, the resulting mass flow rate was estimated as:

m(t) = ff(£)N(t) (4)

Yu and Arnold?? and Roberts?® suggested physics-based models to estimate the aver-
age, time-independent powder feed rate. These authors suggested theoretical expressions to
estimate the volumetric efficiency 7, due to vortex motion of the particulates. Then, the
product between 7, and the degree of fill or “fullness” of the screws n; provides the overall
volumetric efficiency 7, which is defined as the ratio between the volume of particulates
conveyed and the screw volume available during one revolution. Once that the volumetric

efficiency is known, assuming constant bulk density py, the average time-independent mass

4

ACS Paragon Plus Environment

Page 4 of 42



Page 5 of 42

oNOYTULT D WN =

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

04

95

96

97

98

Industrial & Engineering Chemistry Research

flow rate can be calculated as:

m = pbnNVScrewPitch (5)

Discrete Element Method (DEM) simulations have also been widely used to gain a better
understanding of the particulate behaviour in the feeding operations?*3%. These methods
can accurately predict particle packing, mass flow and mixing!?. However, their complexity
requires high computational efforts and a proper calibration of the physical properties of the
particles to mimic the real system.

In this manuscript, a mathematical model to predict the dynamic mass flow rate out of
twin screw feeders is presented. The vertical stress distribution in the hopper is estimated for
different hopper geometries, applying the so-called “slice element method”3' 34, The vertical
stress is assumed to determine the effective powder density within the twin screws, using an

3135 - Geometrical details of the twin screws

empirical relationship suggested in the literature
are used to calculate the volume flow rate. The volumetric efficiency due to the vortex
motion of the particulates is also considered in the calculations, as it may significantly affect
the feed rate. The mathematical model can be applied to different powders and screw feeder
geometries. The range of model applicability in terms of screw speed depends on the powder
properties and screw geometries.

The remainder of the paper is organised as follows. Section 2 provides details of feeders
and bulk solids used in the experimental investigations. In section 3 the mathematical model
is presented. The model calibration and testing against experimental data, under volumetric

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

the model and its future developments in section 5.

2 Experimental set-up and materials

Experimental mass flow rates, kindly provided by Eli Lilly and Company, have been used

to develop and test the mathematical model. A total of 16 experiments involving different

3
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powders, feeders and operating conditions were carried out. Below, feeders and bulk solids

are described.

2.1 Screw feeders

The experimental data were obtained using two different feeders, Coperion K-Tron KT20
and Coperion K-Tron KT35 (the numbers 20 and 35 indicate the size of the screw flight,
expressed in mm). Further geometrical details of the two twin screw feeders are not disclosed
due to confidentiality reasons. The feeders have, at the bottom of the hopper, a small bowl
(volume of a few litres) with an agitator as flow-aid system. A sketch of the equipment is

shown in Figure 1.

Hopper

: Flow

:direction

Twin screws

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.

6
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2.2 Powders

Six different solids have been investigated: mannitol SD-100, lactose monohydrate, micro-
crystalline cellulose Avicel PH 101 and 102, crosscarmellose sodium and sodium stearyl fu-
marate. Some physical properties of the aforementioned materials, experimentally achieved

36710 "are listed in Table 1 in the supporting information avail-

or taken from the literature
able at http://pubs.acs.org. Although the number of bulk solids investigated is limited, their
characteristics are diverse and equally distributed in terms of cohesiveness and flowability:

41,42 “mannitol and lactose are non-

according to the classification based on the Hausner ratio
cohesive, microcrystalline cellulose PH 101 and sodium stearyl fumarate are cohesive and
microcrystalline cellulose PH 102 and crosscarmellose sodium are in the transitional group.
Wall friction angles and effective angles of internal friction of crosscarmellose sodium and
sodium stearyl fumarate have been roughly estimated assuming linearity with respect to the
flow function coefficients, due to the lack of data. These approximated estimations are jus-

tified by the limited impact of these two physical properties on the model predictions (refer

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

3 Mathematical modelling

The mathematical model of twin screw feeders, suitable for continuous tablet manufacturing,
is presented in this section. Physics-based models suggested in the literature have been used
to predict volumetric efficiency in the screws and to determine the stress distribution along
the hopper length. The vertical stress is assumed to affect the effective powder density
within the screws, which is considered a time-dependant variable. The delayed dynamic of

the feeder is also considered. Below, a detailed description of the model is given.

7
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3.1 Time-dependant mass flow rate

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

made:

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

glected as “self-cleaning” twin concave, used in the experimental data, are expected to
minimise this phenomenon (this is an assumption, not an observation from experimen-

tal investigations);

phenomena which may cause irregular hopper discharges, such as ratholing and arching
behaviour??, have been neglected: experimental torque measurements did not show
them, probably because of the presence of a flow-aid system (agitator) which spins at

a few rpm to gently breaks up cohesive materials;

The risk of funnel flow is neglected and the vertical stress along the hopper’s height
is estimated according to this assumption. The extent of funnel flow is reduced by
the presence of the agitator. Any further effect of the agitator in the bowl, which
represents a small portion of the overall hopper volume (approximately from 20% to

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

A First Order Plus Dead Time (FOPDT) model, known to adequately describe the
dynamics of several industrial application?*®, has been used to satisfactorily describe the

mass flow rates out of a feeder according to the following equations:

din(t)
T + 1m(t) = Myeyer (1) (6)
mactual(t> = m<t - 0) (7)

where 7 is the time constant, mgeuq(f) is the actual, delayed, mass flow rate, 6 is the dead
time. The mass flow rate 1My (t) is the mass flow rate reached after the initial delayed

first order response, i.e. approximately after 474646, The noise in the mass flow rate is

8
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neglected. The mass flow rate is calculated via a physics-based approach considering the

screw geometry and the effective powder density peg(t):

mlevel(t> = nPANpeﬁ (t)ﬁ (8)

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

sectional area calculated as follows:

A =2m(R2 — R?) + 7(2cR, + ¢*) + 2cl; + 2R,l; — mR? (9)

The meaning of the geometrical parameters R,, R., ¢ and [; are depicted in Figure 1.

3.2 Theoretical volumetric efficiency

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

metric efficiency 7, due to vortex motion of the particulates:

B tan
o  tana + tan 3 (10)
. [m(Ro+ Re) — pP
f =tan P+7m(RO+RC)] (1
a=90°—¢p—p (12)

where g is the friction coefficient'®* and ¢ is the wall friction angle. Equations 10-12
were suggested by Yu and Arnold!®, who derived those relationships from the analyses of
the particulate mechanics. Depending on the friction coefficient p, 1, can range between
approximately 0.7 and 1, proportionally affecting the volume flow rate deliverable and, con-
sequently, the mass flow rate. For an extensive description of the vortex motion of the

16,22

particulates, the reader is referred to . The overall volumetric efficiency 7 is calculated

as the product between n, and the degree of fill ;. In this work, the degree of fill is in-

9
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corporated in the effective density peg, as previously suggested by other authors*?!. The
calculation of the effective density will be described in the next section.
The friction coefficient 1 has to be estimated to predict the volumetric efficiency. Yu

reported very close predictions of 1, when using Eq. 10 and the following equation??:

1+ 27y

p=1- 13

where (., = ((, + (.)/2, with {, = R,/P and (. = R./P.
Therefore, to reduce the number of model parameters, ;1 has been calculated as first
approximation assuming Eq. 10 = Eq. 13 and solving for p. The friction coefficients used

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

3.3 Time-dependant powder density

As suggested by Escotet-Espinoza et al.?!

and confirmed experimentally, for a constant screw
speed the mass flow rate decreases as the hopper fill level decreases. The amount of solids
in the hopper exerts a vertical stress on the powder entering the twin screws, which affects
how the powder fills the available volume between the surface of the screws and the casing.

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

density of food and pharmaceutical powders*™>!

. However, here the effective powder density
incorporates the degree of fill of the screws, as previously mentioned. Hence, the effective
powder density differs from the bulk density. The effective density has been satisfactorily
predicted by the empirical relationship suggested by Malave et al., which can be reformulated

as follows3132;

Peg(t) = po + K 1n ﬁ[”)—g(ﬂ (14)

where py describes the effective density under no vertical stress, o, is the vertical stress
expressed in kPa. Both py and « are found by fitting the model to experimental data.

10
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The estimation of the effective density by the vertical stress allows to explore the impact

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

3.4 Vertical stress distribution in the hopper

The stress distribution along the height of the hopper, for symmetrical geometry, can be
estimated from the equilibrium of forces. The stress distribution depends on both hopper
geometry and powder properties. It also depends on the state of stress, which can be
active (during the filling of the hopper, also called “static condition”) or passive (during the
discharging, also called “dynamic condition”)3!*4. In the static condition, the lines of major
principal stresses are predominantly vertical. In the dynamic condition, because of flowing
solids, the lines of the major principal stresses are predominantly horizontal®3%253, However,
only a portion of the particle bed in the hopper is affected by the dynamic condition. It can
be assumed that the upper section of the hopper is undisturbed by the withdrawal of the
powder. Therefore, during the emptying phase, the stress distribution in the upper section
is still in a static condition. Hence, there is a point of discontinuity at the transition between
the stress distribution in dynamic condition, with horizontal major principal stress (at the
bottom of the hopper), and the stress distribution still in static condition, with vertical major
principal stress (at the top section of the hopper). This point of discontinuity is known as
“switch point” and has been investigated by several authors®3°2:53, In the case of a cylindrical
hopper with conical bottom end and assuming that all particles are in motion during the
emptying (i.e. no funnel flow), the location of the switch point is typically assumed at the

transition from vertical walls to inclined walls 3?3

, as shown in Figure 2.

The switch point, in this work, is assumed between the hopper and the bowl at the bot-
tom, where the flow-aid system is installed and the geometry changes. Further experimental
and computational investigations may be beneficial to validate this assumption. However,
when performing a sensitivity analysis, according to the model the location of the switch
point is not crucial for the predicted mass flow rate (see supporting information).

11

ACS Paragon Plus Environment



oNOYTULT D WN =

224

225

226

227

228

229

230

231

232

233

234

Industrial & Engineering Chemistry Research

Depth

Flowing
powder
|

l _

switch

Oswitch

Stress

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 hopper

From the equilibrium of vertical forces in an infinitesimal element (Figure 3), using the so-
called “slice element method”, with cylindrical hopper and assuming constant bulk density

in the hopper, the following non-homogeneous differential equation can be obtained:
Ao, + gppAdz = Aoy, + doy,) + 1,Udz (15)

Integrating Equation 15 and assuming o, = 0 at z=0, i.e. free surface at the top of the
hopper, the dimensionless average vertical stress S, =a,/p,gd (d is the hopper diameter) in

static conditions can be calculated as follows®?:

- 1
S,s= (1 — e=4BDs2) (16)
where B, and Dy are function of both effective angle of internal friction and angle of friction

at the wall, Z is the dimensionless depth z/d. The subscript s refers to the static condition.
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T, Udz

dz —“I ]'— o, A

Figure 3: Forces acting on a slice element in an infinitesimal 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 S, is computed from:

1
~ 4ByDy

S, - 674BdDd(ZfZ5w)] + 5, e 1BaD(Z~Zuw) (17)
where S._, is the dimensionless average vertical stress calculated at the switch point, which
occurs at depth z,, and is calculated by Eq. 16. The subscript d refers to the dynamic
condition. The reader is referred to°? for the detailed derivation of the dimensionless stress in
cylindrical hoppers, such as the one used with the feeder K-Tron KT20. For other geometries,
such as conical or wedge-shaped hoppers, Equations 16-17 are not valid, as the equilibrium

of forces slightly differs?32:33:43,54,55

3.4.2 Conical hopper

An asymmetrical conical hopper was used with the feeder K-Tron KT35. The asymmetrical
geometry leads to three linear ordinary differential equations to simultaneously be solved to
predict the stress distribution. Limited studies are available for the rigorous estimation of

stress distribution in asymmetrical hoppers®®.
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It is assumed in this work that, for conical hoppers, the vertical stress is mainly affected by
the height of powder and that the asymmetrical cone can be approximated by a symmetrical
one.

The equilibrium of vertical forces in an infinitesimal element of a symmetrical conical
hopper is given by33:

do 4a

—+——[FED D—-1)] = 1
dz+d—22tanoz[ + tan.a( )] = rrg (18)

where E is function of wall friction angle3?, effective angle of internal friction and wall
inclination a. From integration of Eq. 18, at static condition and assuming free surface at

the top of the hopper, the dimensionless average vertical stress S, is33:

= _ l1—2Ztana
“* 7 2tana(K, — 1)

[1—(1—2Ztana)*1 (19)

where K, = 2(E;Ds/tana + D — 1).

When emptying, in dynamic conditions, S, is calculated as follows:

- 1—-2Ztana 1 —-2Ztana \ Ka-l - 1—-2Ztana \Ka
1 (fme )]s, (e
2tan a(Ky — 1) 1—27,,tan« 1—-27,,tan«
where S._ is calculated with Eq. 19 at Z = Z,,,. Due to the limited impact on the results

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

similarly to the cylindrical hopper.

3.5 Time-dependant hopper fill level

At each instant ¢, the dimensionless vertical stress exerted on the bottom of the hopper is
estimated by Eq. 17 when using cylindrical hoppers, whilst by Eq. 20 when using conical
hoppers. The depth z is the hopper fill level H(t). The latter depends on the time-dependant
particle bed volume V(¢) in the feeder hopper (intended as the whole receptacle, bowl in-

14
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cluded) and its mass m(¢):

H() =£(V (1)) 21
V(t) =m(t)/ps (22)
d(m(t) _ mzn) = - mactual(t> (23)

dt

where f(V(t)) is a generic function of the particle bed volume in the hopper and depends
on the hopper geometry, either conical or cylindrical. In the latter, the height is simply the
ratio between the particle bed volume and the cross sectional area of the hopper. In the
conical hopper, the fill level is correlated to the weight of powder through a second order
polynomial regression. m,;, is the mass of solids initially loaded into the hopper. The mass
of solids in the twin screws can be neglected.

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

has been considered at this stage.

4 Model performance

The experimental behaviour of six of the most commonly used powders in the pharmaceutical
industry has been studied. All powders were investigated at two different screw speeds using
the feeder K-Tron KT20. Additionally, two powders were also investigated using the feeder
K-Tron KT35, at two screw speeds. Further information on the experimental settings are
given in the supporting information. The goal is to identify a general model that can capture

the dynamics of several powders in different conditions.

4.1 Model calibration

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

cylindrical hopper is used with K-Tron KT20) or Eqs. 19-20 (when conical hopper with

15
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K-Tron KT35). Four model parameters are required:
1. 7, the time constant in Eq. 6, which describes the step response of the mass flow rate;
2. 0, i.e. the dead time in Eq. 7;

3. po, which is the effective powder density within the screws assuming no vertical stress,

see BEq. 14;

4. k, which relates the vertical stress and the effective powder density according to Eq.

14.

The mathematical model has been posed as an unconstrained optimisation model and
the four parameters above have been identified by minimising the mean square error MSE

between experimental and predicted values:

n

1
MSE = — .ex - redicte 2 24
n;(m p — Mpredicted) (24)

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

4.1.1 Experimental data

A total of sixteen experiments, twelve using K-Tron KT20 and four using K-Tron KT35,
have been investigated. Eight experiments have been used to calibrate the model, one for
each powder and feeder, whilst the remaining eight have been used to test the model. The
feeder was run under volumetric mode. Except when using microcrystalline cellulose Avicel
PH 102 in the K-Tron KT20 at 7.71 rpm, all experiments were carried out until no more
powders were fed out of the screw feeder. In general, the weight of the residual material
in the hopper was lower than 200 g. The experimental mass flow rates were calculated
as Megp = AMey, /At at each point. The sampling rate is not constant but automatically
determined by the equipment. To smooth the data and simplify the parameter estimation,

a thirty-point centred moving average was calculated. The experimental data set have been
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further cleaned removing initial negative flow rates (which cannot be calculated by the
model), when present, and peaks significantly larger than the average mass flow rate (over
one order of magnitude). For most of the bulk solids, an abrupt drop in the mass flow rate
occurs after the feed rate becomes lower than the average feed rate by approximately 30%.
This indicates that the hopper is almost empty. Below this minimum hopper fill level, the
mass flow rate quickly approaches zero and a limited number of experimental points were
obtained. These values have a negligible effect on the model parameters and have not been

considered when calculating the mean squared error.

4.1.2 Solution procedure

The model parameters have been identified using two solvers for unconstrained optimisations
in MATLAB, fminsearch and fminunc. No significant differences have been observed using
both solvers. Ordinary differential equations have been solved using the solver ode/5, based
on an explicit Runge-Kutta (4,5) formula. For a few of experiments, involving a large
number of data points and higher fluctuations in the mass flow rate, the solver ode45 have
not provided good fits. For these data, lower-order but more robust solvers such as ode23 or

ode23s have been used instead.

4.1.3 Estimated parameters

The model calibration is discussed in this section. The identified parameters are listed in
Table 1.

The calculated mass flow rate using lactose monohydrate and microcrystalline cellulose
Avicel PH 102 with K-Tron KT20 and K-Tron KT35 are shown respectively in Figure 4,
Figure 5 and Figure 6. The calibrated model captures well the trend of the mass flow
rates, despite the significantly differences in the feeder geometries, operating conditions and
powder properties. The largest deviation from the experimental data has been achieved

using lactose monohydrate in K-Tron KT20 at 77.1 rpm (Figure 4). In this case, the system
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dynamics is not accurately described by a first order differential equation, as both the initial
increase and then the decrease of the feed rate are almost linear with time. However, the
first order response remains the most suitable trend to generally describe the mass flow
rates experimentally investigated here. Boukouvala et al.? suggested a first order differential

model as well, despite they included a system delay.

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

Bulk solid  Speed P0 K T 0 MSE Feeder
rpm] (kg m™] [kgm=]  [s] 5]

Mannitol 7.71 253.27 23.93 99.77 54.35 3.20x107% K-Tron KT20

Mannitol 19.2 552.52 2.79 14.57 5.81 9.60 x1072 K-Tron KT35

Lactose 77.1 561.15 50.82 14.78  0.00 5.09x10~! K-Tron KT20

MCC 101 38.50 86.22 1.26 14.22 3343 2.10x107* K-Tron KT20

MCC 102 7.71 187.12 -63.31 13.52 9251 1.60x107% K-Tron KT20
MCC 102 38.4 354.00 12.68 11.46 450 1.52x107' K-Tron KT35
CCS 61.70 314.31 26.38 12,98 27.70 6.51x1072 K-Tron KT20
SSF 61.70 131.23 10.46 1798 8.20 2.40x107* K-Tron KT20

ol /mm\
<
=)
=151
2
o
5 10 [ b
1))
17}
©
Z 5
— Experiments
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O L L Il L Il L 1 L
0 100 200 300 400 500 600 700 800 900

Time [s]

Figure 4: Model calibration using lactose monohydrate, feeder K-Tron K'T20, 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 conditions
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Figure 5: Model calibration using microcrystalline cellulose PH 102, feeder K-Tron K20,
screw speed 7.71 rpm. The blue line represents the measured values, the red line is the model
26 response.
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51 Figure 6: Model calibration using microcrystalline cellulose PH 102, feeder K-Tron K'T'35,
52 screw speed 6.4 rpm. The blue line represents the measured values, the red line is the model
53 response.
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significantly affect the withdrawal of the powder from the hopper outlet and their conveyance
through the screws. Hence, different dead times are achieved. Generally, the dead time
decreases as the screw speed increases, according to the decreased residence time of the bulk
solids within the twin screws. However, when using lactose monohydrate, the estimated dead
time @ is zero (see Table 1), which is not consistent with the geometry of the equipment.
This is due to the experimental investigations in question. In fact, in the said three cases, to
overcome the initial reluctance of the powder in the hopper to flow downwards, the motor
had been turned on and off before the actual experimental feeding operation, at constant
screw speed and until the hopper is emptied (no interruptions), started. Therefore, when the
actual experiment started, the screws were already partially filled by the materials and the
powder in the hopper had already been in motion, in contrast to the other experiments where
the operation started with unfilled screws. As a result, a mass flow rate was immediately
recorded when the motor was turned on. These data may be used only to partially describe
the system dynamics during the start up.

In Table 2, estimated dead times and mean residence times along the screws (in the choke
section, i.e. in the section of the screws extending beyond the hopper exit, and including
the estimated degree of fill) are shown. In most of the investigated cases, the dead time is
larger than the residence time, which may indicate also some resistance for the powder to
be discharged from the hopper from a static condition. Using mannitol with feeder K-Tron
K'T35, the dead times is shorter than the residence time probably because of some solid
residuals on the screws before the start of the experiment (before it was run at 19.4 rpm, it
had been run for approximately 10 s at 12.7 rpm).

The values in Table 2 suggest that the overall delay is a function of physical properties
and operating conditions. The short number of experimental data used does not allow for
the identification of the nature of the dead time over different configurations, which is the
objective of future works. The mean residence time, calculated as the ratio between holdup

and feed rate, can be used as dead time only as a rough estimation. Furthermore, the
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calculated dead time will be relevant only for the description of start up operations. If this
is the case, the residence time may be used as a good estimation of 6 when refilling. Further
experimental investigations, including refill, are required to gain a better understanding of
the main causes of the dead time in different conditions. At this stage, the values of 6 from
the model calibrations are more accurate to predict the start-up only if the screw speed is
not markedly varied from the values used in the model calibration, otherwise the residence
time can be a reasonable estimate.

Table 2: Comparison between estimated dead time 6 and mean residence time along the
SCTews.

Bulk solid Feeder Speed 0 Mean residence time

rpm] s 5
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 testing

In this section, the model is tested over experimental data. Despite this, further experimental
work is required to sufficiently determine the validity of the model for other systems.
Figures 7-8 show, respectively, the estimated feed rates of mannitol SD-100 and micro-
crystalline Avicel PH 102 using the K-Tron KT35, whilst in Figures 9-12 the predictions
of the model when feeding several powders with the K-Tron KT20 are depicted. Figures
13-14 show the impact of operating and design variables on the effective density when a low

cohesive materials such as the mannitol is fed. These results are discussed below.
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4.2.1 Predictions using feeder K-Tron KT35

As can be seen in figures 7-8, the model is able to satisfactorily predict the feed rate of
both powder fed with the feeder K-Tron KT35. In both cases, the prediction is relatively
good despite the model was calibrated with data at significantly higher speed. A small
overestimation of the mass flow rate can be observed in both simulations, with a deviation

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

(o}
I
L
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I

Mass flow rate [kg h'1]
w S

——Experiments| |
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L L

0 | | | | | 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time [s]

N

e

Figure 7: Predicted mass flow 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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21 Figure 8: Predicted mass flow rate using microcrystalline cellulose Avicel PH 102 and feeder
22 K-Tron KT35, screw speed 6.4 rpm. The blue line represents the measured values, the red
23 line is the model response.

26 303 4.2.2 Predictions using feeder K-Tron KT20

29 s0  Asillustrated in Figure 9, the model can approximately estimate the feed rate after the start-
31 305 Up when using crosscarmellose sodium in the K-Tron KT20, despite the significant change in
33 106 the operating conditions and the limited data set available for model calibration. The feed
35 307 rate of crosscarmellose sodium drops at the end of the simulation because the initial hopper
37 a8 fill level was very low and the initial overestimation of the flow rate, due to the inaccurate
39 a0 dead time, causes an earlier hopper depletion. Reasonable predictions are achieved also
41 wo when sodium stearate fumarate is fed, as depicted in Figure 10. Crosscarmellose sodium
43 w01 and sodium stearyl fumarate are two among the most cohesive powders, according to the
45 w2 classification based on the Hausner ratio (i.e. the ration between tapped bulk density and
47 w3 loose bulk density*?), as well as the powders with the lowest values average particle size
49 swa  (both D3y and Dys, for further details see Table 1 in the supporting information).

51 405 For both powders, crosscarmellose sodium and sodium stearate fumarate, the initial
53 ws dynamics predicted by the model is not in agreement with the experimental data. In these

55 w7 simulations, considering the significant different screw speeds from the ones used during the
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parameter estimation, the residence time has been used as estimation of the dead time.
However, the experimental dead time is significantly larger. It is worth noting that both
measured feed rates, at the beginning of the operation, show a first small peak approximately
at the calculated residence time (at around 30 seconds for crosscarmellose sodium, Figure
9, and at around 10 seconds for sodium stearate fumarate, Figure 10). However, after the
small peak, no materials is fed for a few seconds. This may be related to an irregular initial
hopper discharge, perhaps caused by a powder bridge, which makes the estimation of the
initial dead time particularly challenging. This phenomenon requires further investigations.

When mannitol and lactose monohydrate are fed through K-Tron KT20, the model pre-
dictions show significant discrepancies from the experimental measurements when the op-
erating range significantly differ from calibration range (Figures 11-12). Similar results
have been achieved when investigating the behaviour of microcrystalline cellulose. A larger
amount of experimental data is needed for the model calibration, probably the effective den-
sity model is too simple to accurately predict the dynamics of the system for these powders
in a small feeder and over a large operating range. The reason lies in the varying resistance
to flow which, for the least cohesive powders such as mannitol or lactose, decreases when
the screw speed significantly increases. This screw speed-dependant resistance to flow is
consistent with the experimental observations reported by Freeman and Millington-Smith 7.
The variation of the effective density with significantly different screw speeds, when using
mannitol with K-Tron KT20, is shown in Figure 13.

On the contrary, for crosscarmellose sodium and sodium stearyl fumarate, the effect of
the screw speed on the degree of fill is limited and the model can estimate the mass flow

rate over a larger operating range.
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Figure 9: Predicted mass flow rate using crosscarmellose sodium and feeder K-Tron KT20,
25 screw speed 7.71 rpm. The blue line represents the measured values, the red line is the model
26 response.
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51 Figure 10: Predicted mass flow rate using sodium stearyl fumarate and feeder K-Tron K'T20,
52 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 flow 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 flow 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

respomnse.
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4.2.3 Impact of screw design and speed for low-cohesive powders

The screw speed-dependant resistance to flow mentioned above, for powders such as lactose
monohydrate or mannitol, is intensified in small pitch volume. This can be seen in Figure 13,
where mannitol is investigated in the same feeder at two significantly different screw speeds.
As can be seen, for equal vertical stress, the degree of fill is significantly larger at higher
screw speed. When larger screws are used (K-Tron KT35), the impact of the screw speed on
the degree of fill is limited and the feeder, for similar screw speed and equal vertical stress,
operates with significantly higher degree of fill (Figure 14). These results indicate that the
degree of fill is a complex function of physical properties, screw speed and screw geometry
and cannot be captured by shortcut models over a large operating range, in particular for

low-cohesive powders and small twin screws.
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Figure 13: Effective density against vertical stress, using mannitol and K-Tron K'T20 at two
different 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: Effective density against vertical stress, using mannitol with both K-Tron K'T20
and K-Tron KT35 at two similar screw speeds. The red line represents the simulated feed
rate using K-Tron K'T20, whilst the blue line represents the simulated feed rate using K-Tron
KT35.

4.3 Comparison with state-of-the-art models

In this section, the performance of the model proposed in this work is compared with the
models currently suggested in the literature to predict the mass flow rate out of a feeder.

Three mathematical models have been used:
1. the model suggested by Boukouvala et al.? (Eqs. 1-2), requiring three parameters;
2. the model developed by Escotet-Espinoza?! (Eqgs. 3-4), requiring three parameters;
3. the model proposed by Yu'® (Eq. 5), requiring one parameter.

Yu proposed a mechanistic approach to estimate the time-averaged feed rate at constant
screw speed, whereas the other two models incorporates empirical relationships to predict
the feed rate under gravimetric mode. The models are calibrated using experimental data
of lactose monohydrate in the K-Tron KT20, at two markedly different screw speeds. For
all models, significantly different parameters have been estimated. Results are compared in

Figure 15 (low speed case) and Figure 16 (high speed case).
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In Figure 15, the calculated feed rate using the model developed by Escotet-Espinoza et
al. is not clearly visible as it is identical with the feed rate calculated by Yu’s model. Apart
from the model suggested in this work, the model by Boukouvala et al. is the only model
able to capture the step response under volumetric mode. The model by Escotet-Espinoza
et al. was developed for gravimetric mode, hence it can solely predict the step response by
the increase in the screw speed during the start-up (because of the control action). Since
here volumetric mode is simulated, no controller is included and no step response can be
predicted, at constant screw speed, by the model suggested by Escotet-Espinoza et al.

Among the models previously suggested in the literature, the model developed by Escotet-
Espinoza?! is the only one that incorporates the effect of the hopper fill level on the feed
rate. The decrease in the feed rate, as the hopper gets depleted, can be observed in Figure
16. The models developed by Yu and Boukouvala et al. do not capture this phenomena.

No models previously suggested in the literature include dead times. The model suggested
in this work, as it is able to predict the initial dead time, the first order response and the slow
decrease in the feed rate due to the hopper depletion, provides significantly lower deviation
from the experimental measurements (in terms of mean squared error) when compared to
the other models, but it requires the estimation of an additional parameter. However, when
the dead time @ is replaced by the residence time, the model still provides a better agreement
with experimental data, using the same number of fitting parameters as the other models. A
limitation of all models is related to the necessity to recalibrate them, for certain powders,
when predicting over a large operating range, due to the screw speed-dependant resistance

to flow discussed in the previous sections.
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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.

Industrial & Engineering Chemistry Research

* Experiments

= =This work, MSE=0.00143

Boukouvala et al. (2012), MSE=0.0056

——Escotet-Espinoza et al. (2015), MSE=0.00512| |

—=-Yu (1997), MSE=0.00512
1 1

L L 1
500 1000 1500 2000 2500 3000
Time [s]

30

ACS Paragon Plus Environment

3500

i
4000

4500

Page 30 of 42



Page 31 of 42 Industrial & Engineering Chemistry Research

oNOYTULT D WN =

17 25

N
o
N
(=)

-
(92}
T
w

L

-
o

Rl TS R a —

Mass flow rate [kg h'1]
v L

* Experiments
= =This work, MSE=0.00143
Boukouvala et al. (2012), MSE=0.0056
—Escotet-Espinoza et al. (2015), MSE=0.00512
29 —--Yu (1997), MSE=0.00512

30 0 1 1 1 1 1 ! 1 |
0 100 200 300 400 500 600 700 800 900

Time [s]

34 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
38 the feed rate using the model developed by Boukouvala et al., the dashed purple line repre-
39 sents the feed rate using the model developed by Escotet-Espinoza et al., the green dashed
40 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,
43 at 77.1 rpm.
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5 Conclusions

In this paper, a methodology for the development of a mathematical model of twin screw
feeders is proposed. Hopper and screw models are combined using a hybrid mechanistic and
empirical approach. A first order plus dead time model has been suggested. The model
calibration has been performed for six different powders and two screw feeders. Model
predictions are in good agreement with experimental values when the largest screws are used.
When the small screws are employed, the model can approximately estimate the feed rates
when using crosscarmellose sodium and sodium stearyl fumarate over a large operating range,
although the calculation of the dead time is not accurate and requires further investigation.
Mannitol SD-100, lactose monohydrate and microcrystalline cellulose Avicel PH 101 and 102
show a screw speed-dependant resistance to flow and to fill the screw pitch, particularly
evident when using the small screws. This phenomenon is not captured by the model when
the screw speed is investigated over a large operating range. Furthermore, the role of the
agitator has not been explicitly considered in the model. These aspects requires further
investigations and higher modelling complexity.

When compared to the state-of-the-art models to estimate the feed rate out of a screw
feeder, the model suggested in this work provides better predictions under volumetric mode.
Furthermore, the model allows to investigate the impact of friction properties (effective an-
gle of internal friction, wall friction angle, friction coefficient) and both hopper and screws
designs on the feed rate. Despite some simplifying assumptions require further investiga-
tions, the modelling approach suggested in this work represents a further step towards the

development of high-fidelity mechanistic models of screw feeders.
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Supporting Information

Physical properties, further results from the model calibration

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

Nomenclature

Symbols Description

A Cross sectional area

B Parameter for stress calculation

c Distance between screw flight and
casing

D Parameter for stress calculation

E Parameter for stress calculation

ik Feed factor

g Gravitational acceleration, 9.81

H Height

k Model parameter

l; Distance between twin screw centres

m Mass

m Mass flow rate

n Number of screw starts

N Screw speed

P Pitch

R Radius

S Dimensionless average stress

t Time

U Perimeter

z Time delay domain (Eq. 2)
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Depth
Dimensionless depth

Volume

Greek Symbols

«

phi

s

Q

O

T

¢

Angle

Model parameter (Eq. 3)
Angle (Eq. 11)
Angle

Model parameter
Friction coefficient
Volumetric efficiency
Mass density

Stress

Time delay

Delay factor

Time constant

Shear stress (Eq. 15)

Dimensionless length, R/P

Subscripts and superscripts

av

b

erp

m

Average

Bulk

Core shaft
Dynamic
Effective
Experimental
Fill

Initial
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min Minimum

0 Outer
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s Static

10 sat Saturation

12 sw Switch

14 v Vortex (for n), vertical (for o)
16 Acronysms

18 MSE Mean Squared Error

20 MCC Microcrystalline Cellulose

22 CcCSs Crosscarmellose Sodium

24 SSE Sodium Stearyl Fumarate
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H stress \
mass

>

v

>

H time time
stress l
* * ‘ * Feed
rate

Powder feed rate = Amass/Atime

time
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