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Abstract

In this work, a methodology for the optimal design and operation of reactive

extrusion processes in twin-screw extruders is presented. As a process model, a

very accurate mechanistic finite volume twin-screw extruder model is used

which is adapted to the reactive extrusion case. In the model, in contrast to

other models, the pressure is described as a differential state in order to have a

consistent set of equations. The model is compared to other models and advan-

tages and disadvantages with respect to accuracy and computation time are

discussed. For optimization, a memetic optimization algorithm (MA) that con-

sists of a combination of a local optimization for the continuous operating

parameters and an evolutionary algorithm (EA) for the global optimization of

the discrete decision variables is employed to overcome the drawback of the

longer model simulation time compared to simpler models. A reduction of

optimization time by 90% for the MA compared to the EA was observed. The

presented modeling and optimization methodology is validated on the widely

investigated reactive extrusion process for ε-Caprolactone. The methodology is

very flexible and the underlying model has good prediction characteristics,

thus it is applicable to a wide range of reactive extrusion processes of industrial

interest.

Highlights

• Simulation and optimization of reactive extrusion.

• Improved mechanistic twin-screw extruder model.

• Novel approaches for pressure and residence time modeling.

• Efficient combination of local and global optimization in a memetic

algorithm.

• Benchmarking of the optimization results and performance with litera-

ture data.
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1 | INTRODUCTION

Reactive extrusion in twin-screw extruders combines the
advantages of a multifunctional, continuous reactor with
the excellent mixing performance and the flexibility of
extruders. Although many products have been reported to
be suitable to be produced1 by reactive extrusion, only a
handful have been commercialized. As reported by one of
the leading suppliers of twin-screw extruders in 2016, only
87 extruders for reactive extrusion were sold in the past
50 years of which 64 were designed for the production of
thermoplastic polyurethanes with an approximated pro-
duction of 250.000 t per year.2 This low number of indus-
trial applications can be explained by the limitation of
residence times, bad temperature control that might cause
undesired side reactions, and the required knowledge of
both the chemical reaction and the extrusion process.3

Reactive extrusion offers a very energy-efficient production
concept at different scales and enables the production of
highly functionalized products, for example, polymers
with carbon fibers or other fillers.2 However, the tradi-
tional design of twin-screw extruders and the choice of the
best operating parameters for the production of different
products is time-consuming and costly, because it is
mainly based on experimental trials. In reactive extrusion,
besides the processing parameters such as barrel tempera-
tures, throughput, or rotation speed, the choice of the
screw design significantly influences the performance of
the process. While it is possible to determine the optimal
processing parameters approximately by experiments, test-
ing many screw designs is infeasible as the number of pos-
sible combinations is very large. Therefore, to speed up
process development and to obtain better solutions, a
model-based process design and optimization approach is
preferable. Another advantage of model-based optimiza-
tion is the possibility of adapting the extruder to different
products by characterization only of the chemical systems
and then applying model-based optimization. For model-
based optimization, suitable models are required. For the
rheology of the materials, usually standard models are
parametrized by experiments, for example, the Yasuda-
Carreau model.4 The chemical systems are usually
described by ordinary differential equations which may be
of high complexity to include all effects such as mass-
transport efficiencies, the influence of temperature, and
catalytic cycles. For polymerizations, often the method of
moments is applied.5 The extrusion model should there-
fore be able to embed complex models of the reaction
chemistry. The extruder model must provide an accurate
description of the residence time distribution (RTD) as a
result of the internal flows over the length of the extruder.
The RTD depends on the local progress of the reaction
and the local temperature.6 Vergnes et al.7 proposed an

extruder model based on a discretization of the extrusion
volume into C-shaped elements with a description of the
internal flows depending on the screw geometry. Gimenez
et al.8 extended the model of Vergnes et al.7 to reactive
extrusion and applied it to the reactive extrusion of
ε-Caprolactone. A drawback of this approach is that the
mass balances for the mass transport in the extruder and
the reaction system are solved iteratively and separately to
compute the final result. First, the extruder flows are com-
puted from the direction of the die to the feed, under the
assumption of a given distribution of the conversion, until
the flow distribution converges to the melt temperature.
Then the reaction system is simulated forward based on
the calculated residence times and temperature from the
first iterative solution. These two steps are iterated until
convergence.9 As a unique mapping between temperature,
conversion, and local residence time is required, the reac-
tion system and screw configuration can only be of a cer-
tain complexity. The local residence time has to be
corrected iteratively,10,11 and therefore a successful simula-
tion cannot be guaranteed for complex systems. In con-
trast, our approach is based on the work of Eitzlmayr
et al.12,13 who proposed a mechanistic twin-screw extru-
sion model with finite volumes based on the characteriza-
tion of screw elements by Kohlgrüber14 for nonreactive
pharmaceutical compounding applications. The approach
has similarities to the model of Choulak,15 which con-
siders the extruder as a series of CSTRs. The model pro-
posed by Eitzlmayr includes a very detailed and accurate
description of the viscous dissipation for an accurate heat
balance and computation of the local temperatures. In this
work, the model by Eitzlmayr is extended for the reactive
extrusion case so that complex reaction kinetics can be
included. The RTD is provided by the internal flows
between the finite volumes. From a chemical engineering
perspective, a model based on the dynamic simulation of
the extruder until a steady state is reached is favorable
over a steady-state process model because multiple steady
states can exist in reactive extrusion as reported by Janssen
et al.16 A drawback of our approach is longer computation
times, which is compensated by an efficient optimization
method. For the optimization of twin-screw extrusion pro-
cesses, in the majority of the published works evolutionary
algorithms (EA) are used.17 Based on an EA and the
modeling approach of Vergnes et al., optimizations of the
screw configuration and of the operating parameters were
carried out by Gaspar-Cunha et al.18 and Teixeira et al.19

using the simulation tool Ludovic©. In this work, we
apply an evolutionary algorithm for the discrete decisions
and extend it by a local optimization method for the con-
tinuous variables, leading to a memetic algorithm
(MA).20,21 The local optimization decreases the optimiza-
tion times significantly by reducing the search space of the
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EA and by reducing the number of infeasible solutions in
the population of solutions. In a companion paper22 the
method proposed in this contribution is applied to the
reactive extrusion of hydrophobically modified urethane
paint additives, including the scale-up from an 18 mm lab-
oratory extruder to a 75 mm production scale extruder.

2 | MODELING OF REACTIVE
EXTRUSION PROCESSES

2.1 | Mass flow model

The modeling approaches to describe the internal flows
within twin-screw extruders are based on the screw
geometry7 or empirical methods.14 The geometry-based
approach considers the screw channels as flattened out
with a sliding barrel.23 These two modeling approaches
can be transformed into each other as they describe the
same influences of the operating parameters of the pro-
cess on the internal flows as shown in the Appendix A.

In this work, an empirical approach based on the
work of Eitzlmayr et al.12 is used. Figure 1 shows the dis-
cretization of the extruder into i finite volumes of length
Δx with conveying and pressure-driven flows between
each element. Δx can be chosen as the length of the
shortest physical element or a multiple of it. The dynam-
ics of the filling ratio fi within a section of volume Vi with
material of density ρi results from the mass balance of all
incoming and outgoing flows of the section:

∂f i
∂t

¼ 1
ρiV i

_min,i� _mout,ið Þ ð1Þ

and the filling ratio is constant for a fully filled element
in which a pressure builds up:

∂f i
∂t

¼ 0: ð2Þ

The switching of the dynamics of the elements
between Equation (1) and the build-up of pressure is real-
ized by branching during the simulation.

In a regular conveying volume Vi within an extruder
of diameter D, for a rotation speed n, filling ratio fi, den-
sity ρ, the conveying flow in forward direction _mc,f ,i and
backward direction _mc,b,i is described by Eitzlmayr
et al.12:

_mc,f ,i ¼ ρ � f i �A1,f ,i �n �D3, ð3Þ

_mc,b,i ¼ ρ � f i �A1,b,i �n �D3: ð4Þ

Typically only one screw parameter for conveying ele-
ments A1,f ,i and A1,b,i is nonzero, indicating the conveying
direction of the screw element. The nonzero screw
parameter can be approximated using the cross-sectional
area of the screw Acr and the screw pitch Ts as proposed
by Kohlgrüber et al.24:

A1,i ≈
Acr �Ts

2 �D3 : ð5Þ

The second flow type is the pressure induced flow
_mp,i which occurs if in an entirely filled element a pres-
sure pi has built up. The pressure-driven flow is especially
important to overcome non-conveying screw elements
such a shells, 90� kneading blocks, backward conveying
elements or the die. The resulting pressure flow is a func-
tion of the pressure drop Δpi, the dynamic viscosity ηi,
the diameter D and the proportionality factor A1,i

A2,i
that

describes the pressure drop depending on the geometry
of the screw element. The resulting pressure flow that
moves the material in the direction opposite to the pres-
sure gradient is described by:

_mp,i ¼ ρ �A1,i

A2,i
�D

4

ηi
�Δpi
Δx

: ð6Þ

As suggested by Eitzlmayr et al.12 A2 can be approxi-
mated well by a linear interpolation of measured data:

A2,i ≈ �93:4 �Ts

D
þ893: ð7Þ

The conveying and pressure drop characteristics of
mixing elements such as screw mixing elements (SME),
turbine mixing elements (TME), or tooth mixing ele-
ments (ZME) are assumed to be proportional to the char-
acteristics to the regular elements with the same pitch
and diameter. The SME is a conveying element with gaps
milled into the flights to allow a back-flow, whereas the
ZME is a left-handed element with teeth at the flight to
generate a forward conveying capacity even though being
left handed. A TME section considered here consists of
right-handed gears alternating with empty shells. For a
30 mm extruder such mixing elements were investigated

FIGURE 1 Schematic of the extruder discretized into finite

volumes.
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by Brouwer et al.25 The parametrization of different
kneading blocks was investigated by Bauer using
smoothed particle hydrodynamics simulations26 and
Stritzinger using a numerical modeling approach.27,28 To
calculate the mass balances for several species, the mass
flows are multiplied by the weight fractions wi in each
element. This formulation can be extended to the reactive
case by including the reaction rate ri to take into account
the weight fraction changes due to the chemical reaction:

∂wi

∂t
¼ 1
f i �Vi �ρi

wi�1 �
X
i�1!i

_m �wi�1þ
X
iþ1!i

_m �wiþ1

 

�
X
i!i�1

_m �wi�
X
i!iþ1

_m �wi

!
þwi

f i
� ∂f i
∂t

� ri:

ð8Þ

For the elements with external feeds into the
extruder, these contributions also have to be considered
in the mass balance. For the first simulation, an initial
distribution of the weight fractions is assumed. The reac-
tion rate has to be determined as a function of concentra-
tions and temperature for each species of the reaction
system. Besides the concentrations, quantities such as
conversion or molecular weight can be treated as concen-
trations of pseudo components. This enables to include
the description of such quantities at any location and
point in time and to compute the RTD, by feeding a
pseudo-component as an impulse at the inlet and moni-
toring the response at the die.

2.2 | Residence time model

Using the description of the internal flow as shown in the
previous section, it is not possible to represent the RTD
when using mixing elements or in the case of large clear-
ance between extruder screw and barrel. This model only
takes into account the overall conveying of material in
the main conveying direction and neglects the fraction of
the transported material that moves into the opposite
direction. The model thus is only valid for a screw config-
uration with only simple forward conveying elements, as
presented in Reference [29] for the reactive extrusion
case, for which the axial dispersion model shows good
accordance with experimental results. The presence of
mixing elements causes a tailing of the RTD that cannot
be described by the RTD that is generated by a cascade of
continuous stirred tank reactors (CSTR).25 This is the
case as due to the choice of the discretization, the num-
ber of elements can vary, for example, between 20 and
200 which is affecting the RTD. Using the relation
between the number of CSTRs and Bodenstein number
Bo proposed by Elgeti30 this value corresponds to

Bo = 11 (large dispersion) and Bo = 101 (small deviation
from plug flow).31 Especially in reactive extrusion sys-
tems, the product quality not only depends on the mean
residence time but also on the RTD. Therefore, in Refer-
ence [32] it was proposed to extend the model by includ-
ing both the forward and the backward conveying capacity
of the extruder model by using the analogy to the back-
flow cell model (BCM). This model was first introduced as
a mathematical model to describe the RTD of reactor net-
works with back-flows by Roemer and Durbin.33 The
BCM was used for the description of the RTD for twin-
screw extruders by Choulak et al.15 but only for a descrip-
tion of the overall RTD based on experimental data, not
for predicting the internal flows and the local RTD. The
inclusion of bi-directional flows enables a description and
prediction of the macroscopic mixing based on RTD data
for the individual screw elements. A drawback is that the
characterization is accurate for a given discretization of
the system into finite volumes, as this represents the num-
ber of continuously stirred tank reactors in series in the
BCM. By applying this approach to our model, the convey-
ing flow parameters of a screw element are described by
A1,f ,i or A1,b,i for the flow in the main conveying direction
and a back-flow ratio σB. Thus the applied forward and
backward conveying parameters A0

1,f ,i and A0
1,b,i in the

model are described by:

A0
1,b,i ¼ σB �A1,f ,i, ð9Þ

A0
1,f ,i ¼A1,f ,iþA0

1,b,i: ð10Þ

The overall mass balance of a finite volume is not
affected by this modification, but the residence time of an
element in the extruder changes. For the calculation of
the proportionality factor for the pressure flow A1

A2
, the

unmodified A1 is used. The results of this extension of
the model were presented for several types of screw ele-
ments and kneading blocks in Reference [32].

A representative result of the application of this model-
ing approach is shown in Figure 2. The number of ele-
ments is fixed to 10 elements for both the CSTR-based
approach as well as the BCM. With the optimal back-flow
ratio of 0.68, the model describes the RTD very accurately.
Considering the geometry of the element with gaps milled
into the flanks of the screw elements, this value appears
reasonable. Especially the tailing of the distribution as well
as the width of the distribution are represented excellently
by the proposed method, which provides an alternative to
computationally expensive computational fluid dynamics
simulations, for example, by smoothed particle hydrody-
namic calculations of mixing rates of the elements as pro-
posed by Eitzlmayr et al.34 The results for more mixing
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elements and kneading blocks with different staggering
angles are shown in Table 1. The back-flow ratios were
determined by solving an optimization problem, minimiz-
ing the deviation between the model prediction and the
experimental points for the RTDs of the different ele-
ments. For all elements with back-mixing, the proposed
method significantly outperforms the RTD description by
a CSTR cascade. Therefore, the proposed method gives the
model an additional degree of freedom to describe the
internal flows more accurately, based on the results from
experimental RTD investigations.

2.3 | Novel pressure model

A critical aspect for the prediction of the operation of
extrusion equipment is a precise prediction of the back-

pressure zones within the equipment, as this influences
the RTD, the temperature and the viscosity of the prod-
uct. The calculation of the pressure within a twin-screw
extruder can be performed by several different
approaches. One approach is to fix the length of the pres-
surized zone based on measurements and experience as
proposed by Ganzeveld et al.36 for the reactive extrusion
case of the polymerization of butylmethacrylate. Another
approach is to compute the lengths of fully filled zones
and consider dynamic boundaries for these as proposed
by Kim and White.37 The downside of this approach is
that its not easily applicable to the reactive extrusion
case, as the length of starved zone is determined by inte-
gration and the melt properties, and consequently the
pressure drop change not only due to temperature
changes but also due to chemical conversion. Another
option is the consecutive iterative calculation of the inter-
nal flows within the entire extruder starting at each
restrictive element until the pressures match the flow
pattern as implemented in the software Ludovic©.7 This
requires a definition of restrictive elements, but this defi-
nition may vary depending on throughput, speed of rota-
tion, local melt temperature, and viscosity. Alternatively,
the pressure can be calculated as the solution of the lin-
ear system of equations to fulfill the mass balances within
the pressurized section, as proposed by Choulak et al.38:

A �p¼ b: ð11Þ

In this formulation, p represents the pressure vector
of all fully filled elements, A is a sparse banded matrix
describing the resulting pressure flows as functions of
local melt properties and screw geometry and b is the
vector of the conveying flows in each section. For each
step within the integration, the system of linear equations
has to be solved because with varying viscosity the pres-
sure characteristics change and have to be re-computed.
To overcome this limitation, we suggest the use of the
singular perturbation approach to describe the pressure

TABLE 1 Results of the application

of the BCM method35 for different

screw elements and N = 10 finite

volume elements.

Screw element σB �½ � Error BCM [�] Error CSTR cascade [�]

SMEa 0.684 0.074 4.521

TMEa 0 3.848 3.848

ZMEa 0.040 0.364 0.391

+60�KBb 0.247 2.856 4.837

+30�KBb 0 2.521 2.521

�30�KBb 0.497 1.580 6.263

�60�KBb 0.456 1.475 6.078

Note: The experimental data was taken from aBrouwer 200225 and bPoulesquen 2003.10 The total error is the
summation of the squared differences between BCM and the augmented experimental data for RTD's. The

experimental data is augmented by linear interpolation to obtain 100 equidistant data points.

FIGURE 2 Comparison of the traditional CSTR cascade model

with the proposed extended back-flow cell model for an extruder

section of 100 mm length consisting of screw mixing elements

(SME). The experimental RTD data for the SME elements was

taken from Reference [25].
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as a state with a very fast dynamics which converges to
the value for which the mass balance is fulfilled:

∂pi
∂t

¼ c
1

ρiV i
_mf ,i�1þ _mb,iþ1þ _mp,i�1� _mp,i� _mf ,i� _mb,iÞ:
�

ð12Þ

The constant c in Equation (12) has to be quantified.
Practically speaking it is the rate of change of the pres-
sure for a given deviation of the mass flows from the
steady state.

For large values of c, the dynamic and the steady
state error converge below the measurement accuracy
for typically used equipment. Note that the die vol-
ume is in practice one or two magnitudes smaller
than the volume of a regular screw element. The
resulting effect on the dynamics can be compensated
by assuming similar dynamics for the die as for the
last screw-element.

In Figure 3 the effect of the variation of the
dynamic constant is shown for the dynamic behavior
of the die pressure and the mass balance error at the
start-up of an extruder. Initially, the extruder is
assumed to be filled with a filling ratio of 60% to test
the proposed method. The initial overshooting at 20 s
can be explained by the coupling of the dynamics of
temperature and pressure. With increasing tempera-
ture, the viscosity of the melt decreases and conse-
quently, the pressure drop at the die decreases. After
the initial start-up phase, more melt is pushed through
the die increasing the pressure again. For all three
dynamic constants, no steady-state offset of the pres-
sure was observed after 300 s. The integrated mass bal-
ance error was determined by monitoring the weight
fraction balance in the last screw element before the
die. The results showed an overshoot of the concentra-
tion in the element for all cases which indicates a slight
underestimation of the pressure. While for the cases of
c¼ 108 Pa and c¼ 109 Pa, the pressure dynamics at the
die were not distinguishable, the integrated mass balance
error still showed a significant improvement. We typi-
cally apply c¼ 109 Pa for the dynamic constant. Increas-
ing the dynamic constant further leads to higher
simulation times, as the dynamics become more ill-
conditioned. The proposed pressure calculation is only
performed for the cases of a fully filled element or of an
already existing pressure, as the filling of an element
must not generate a pressure increase. Otherwise,
Equation (13) is applied:

∂pi
∂t

¼ 0: ð13Þ

2.4 | Thermal model

The melt temperature Tm in each element is calculated
by solving the local energy balance.

The temperatures have an influence on the dissipated
mechanical energy _Qdiss within the element. The melt is
assumed to have a specific heat capacity cp. Heat transfer
takes place between the barrel and the melt, described by
_Qbm. The reaction introduces the energy flow _Qreaction into
the system, each reacted mole releases the heat of
reaction—ΔH. Thus, the temperature balance for the
melt is:

∂Tm,i

∂t
¼ 1

ρiV icpf
_Qbmþ _Qdissþ _Qreaction

 

þ
X

Tm,i � _mi � cp,i
!
� ∂f

∂t
�Tm,i

f i
:

ð14Þ

The barrel temperatures are assumed to be constant
over a section, as this is the case in practice. The tempera-
tures are regulated by electrical heating rods and cooling
water. The heat transfer coefficient between the barrel
and the melt is calculated by the empirical correlation
developed by Todd39:

hTb ¼ 0:69 � λ

D=2
� D=2ð Þ2 �n �ρ

η

 !0:28

� cp �η
k

� �0:33
� η

ηw

� �0:14

:

ð15Þ

The resulting heat transfer between barrel and melt
_Qbm is calculated by:

FIGURE 3 Effect of the variation of the dynamic constant on

the evolution of the absolute pressure (solid) as well as on the mass

balance error integrated over the length of the pressurized zone

(dotted) for the start-up of the extrusion.
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_Qbm ¼ hTb �Abm � TB
i �TM

i

� � ð16Þ

with the barrel surface Abm and the barrel and melt tem-
peratures TB

i and TM
i .

The introduced mechanical energy _Qdiss is calculated
as proposed by Eitzlmayr et al.13 with contributions of
the axial viscous dissipation _qdiss,ax and a radial dissipa-
tion _qdiss,r:

_Qdiss ¼Vi � f i � _qdiss,axþ _qdiss,r
� �

: ð17Þ

The axial dissipation is caused by the energy loss of
the pressure-driven flow13:

_qdiss,ax,i ¼
D4

Kp,i �ηi �Acr
� Δpi

Δx

� �2

, ð18Þ

where Acr denotes the free cross-sectional area of the
twin-screw in the barrel. The radial viscous dissipa-
tion consists of dissipation within the gap between
screw and barrel and in the bulk region. The dissipa-
tion in the gap can be calculated by Eitzlmayr
et al.13:

_qdiss,gap,i ¼ ηi � γ2gap ¼ ηi �
D �π �n

h

� �2

ð19Þ

with the clearance between screw and barrel h. The dissi-
pation in the bulk region is calculated by Eitzlmayr
et al.13:

_qdiss,bulk,i ¼ 4ηi � γ2bulk ¼ 4ηi �
Dc �π �n
Hav

� �2

ð20Þ

with the core diameter of the screw elements Dc and the
cross-sectional area of one screw Hav. To obtain the total
radial dissipation _qdiss,r, both contributions are weighted
by the volume fractions ϵgap and ϵbulk as well as by the
actual filling ratio fi

13:

ϵgap ¼ 1�ϵbulk ¼ α �D �h �nF
Acr

, ð21Þ

_qdiss,r ¼ _qdiss,gap,i �ϵgapþ
_qdiss,bulk,i �ϵbulk � f i
ϵgapþϵbulk � f i

ð22Þ

with the tip angle α and the number of flights nF .
This detailed calculation of the viscous dissipation pro-
vides a very accurate prediction of the temperature
profile.

2.5 | Summary of the model

The presented model is a combination of existing and
new models that describe the different effects that are
present in a reactive twin-screw extruder. The core of the
model is the flow model. For reactive extrusion,
the C-shaped discretization has been extensively studied
and validated with experimental results. Our mechanistic
modeling approach and the C-shaped modeling approach
can be transferred into each other as shown in the appen-
dix. The effects of a conveying and pressure-driven flow
have similar dependencies on the melt viscosity and the
rotation speed. The complex geometrical correction fac-
tors proposed by Vergnes et al.7 can be lumped into the
factors A1 and A2. The comparison of the quantitative
results from different publications using one or the other
model also shows comparable results as also shown in
the Appendix A.

The adjustment of the pressure model using the
singular perturbation approach with finite pressure
dynamics instead of the calculation of the pressure as a
system of equations does not influence the simulation
results significantly, especially if the simulation time is
sufficiently long and the dynamic constant is chosen
sufficiently fast. In practice, the dynamic measurement
of the pressure is limited by the accuracy of the pres-
sure sensor, the inertia of the pressure sensor to tem-
perature effects, and the sampling rate of the data
acquisition system.

The description of the RTD is improved by the appli-
cation of the BCM. Whereas in regular extrusion pro-
cesses, the RTD is not critical, it is essential in reactive
extrusion. With the modeling approach presented here, it
is possible to accurately adjust the internal flows to
match the overall RTD. The overall flows and therefore
the resulting local filling levels in the elements are not
affected. For the extreme case of no back-flow, the estab-
lished model corresponds to the original mechanistic
model. The RTDs reported in the literature with tailing
are described in a coherent model considering local
effects such as viscosity and operating conditions.

The modeling of the progress of the reaction via the
component balance follows the approach for any flow-
based chemical reactor31 and the contribution of the heat
of reaction as a function of the reaction rate to the local
heat balance is included. The challenge in terms of reac-
tion modeling is the measurement and determination of
the reaction kinetics.

Regarding the reaction kinetics, the quality of mixing
can contribute significantly to the observed progress of
the reactions compared to a purely kinetic model. In con-
trast to the large batch reactors with poor mixing, the
kinetic models valid for industrial-scale reactive
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extrusion can be determined by laboratory scale experi-
ments, due to the high mixing intensity within the twin-
screw extruder. To summarize, the proposed model offers
an enhanced representation of the entire process by com-
bining well-known partial models and components. This
combination allows for individual validation and descrip-
tion of the effects, resulting in an improved understand-
ing of the overall process and is graphically summarized
in Figure 4.

3 | OPTIMIZATION

3.1 | Memetic optimization

For the optimization of the configuration and the operat-
ing parameters of a reactive extrusion process, it is pro-
posed in this work to use a MA used in contrast to an
evolutionary algorithm as in References [18,40,41]. MAs
combine a global search by a metaheuristic (here an evo-
lutionary algorithm) with a classical local optimization
algorithm. This overcomes the weakness of EAs to be
inefficient around local optimal as well as the restriction
of classical optimization algorithms to only provide local
optima. The EA can perform a global exploration of new
regions of the search space and the gradient-based local
optimization then converges quickly to the best points in
these regions. Such algorithms have been used success-
fully in the design optimization of chemical pro-
cesses.20,21 Crepinsek et al.42 also point out that this
approach offers a good trade-off between exploration of
the search space and exploitation by local optimization.
Gaspar-Cunha et al.18 reported good results with the use
of the Inver-over operator that was proposed by Tao in
199843,44 for the solution of the traveling salesman prob-
lem, which is structurally similar to the optimization of
the screw configuration. The conclusion of Reference [18]

was that the description of further screw geometries and
a higher model complexity were desirable. By using the
MA in combination with the model that was described in
Section 2, it is possible to optimize reactive extrusion pro-
cesses with variable screw geometries based on a high-
accuracy model.

The structure of the optimization algorithm is
depicted in Figure 5. The optimizer is initialized with a
random population of size NPop in generation i = 0. Each
individual in the population contains the encoding of a
complete screw configuration and continuous optimiza-
tion variables such as the throughput, the speed of rota-
tion, or barrel temperatures. The integer variables in the
encoding represent the locations of screw elements (type
and length) on the extruder shaft from a predefined set.
Within an individual, every location can only be assigned
once. Afterward the population is evaluated and the opti-
mization of the continuous optimization variables such
as throughput, barrel temperature, or speed of rotation is
performed. The resulting performance is assigned as the
fitness value to each individual (i.e., screw design and
operating parameters) in the population and if continu-
ous variables are optimized locally, the optimal
continuous variables are assigned to the individual. In
case of a failed simulation or an infeasible solution, the
value 1010 is assigned to the fitness of the individual. In
the last step, satisfaction of the termination criterion is
checked. We typically applied the number of generations
NGen, but commonly also stagnating best fitness values or
numbers of generations without improvements are
used.45 In case the algorithm is not terminated, the par-
ents and survivors are selected. As potential parents, all
individuals in the population are selected. From the pop-
ulation, first, the elites with the best fitness values are
selected for survival. The size of the elites is defined as a
percentage of the total population. The other individuals
of the next generation are generated by using the Inver-

FIGURE 4 Overview of the

proposed reactive extrusion model with

the main phenomena and their

connections. For simplicity, the

influences of the operating conditions

are omitted. An example for the

chemical reaction and rheological

system is given in Section 4.1.
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over operator. The operator is a combination of the inver-
sion operator and the crossover operator. With a certain
Inver-over probability, a random section in the genome is
inverted, otherwise, the regular crossover is applied and
the position of two adjacent elements is changed. An
example of application of the Inver-over operator is
shown in the appendix in Figure A2.

In the case of the optimization of continuous vari-
ables which are not optimized by the local optimization,
mutation and crossover are performed on the entire pop-
ulation. For mutation, the old variable is replaced with a
mutation probability by a new random value within the
bounds of the variable. For crossover, with a certain
crossover probability, the value is replaced by the value
of the same variable of a random individual in the popu-
lation. The generation number i is increased by one and
evaluated. The parametrization of the algorithm that is
used for the example in Section 4 is shown in Table 2.

For the simulation and evaluation of each configura-
tion, the system is described by the model discussed in
Section 2 as an ODE system in the symbolic framework
CasADi46 and the local solver fmincon is used in
MATLAB for the local optimization. The steady-state
operating points that determine the performance of an
individual are obtained by simulating the dynamic model
for a sufficiently long time horizon. This dynamic simula-
tion within the optimization ensures that the resulting
operating points can be attained in operation and are not
unstable equilibrium points. In a later stage during the

operation of the process, the same dynamic model can be
used to visualize and monitor the process, as well as in a
model-based process control scheme. Using consistent
models for process design, optimization, and control
helps to reduce the development time to an optimized
production for a new product significantly.

3.2 | Cost function

The cost function used in the optimization can be chosen
freely from maximizing the throughput to complex non-
linear economic cost functions. Moreover, constraints
can be formulated and implemented both in the local
and in the global optimization. The cost function and
constraints can contain any variable of the simulation
model. An example for a cost function is the energy intro-
duced into the process by electrical power for heating
and for the electrical drive of the extruder per total
throughput:

min
_Q

_mtotal
ð23Þ

_Q is the sum of the mechanical energy that is pro-
vided to the melt by the viscous dissipation and the ther-
mal energy that is introduced by heating the barrel:

_Q¼ _Qbmþ _Qdiss ð24Þ

with the contributions calculated as described in
Section 2.4.

4 | APPLICATION TO THE
ε-CAPROLACTONE
POLYMERIZATION

For the validation of the modeling and optimization, the
reactive extrusion of ε-Caprolactone is used. This process

TABLE 2 Parametrization of the memetic optimization

algorithm.

Parameter Description Value

NPop Population size 100

NGen Number of generations 50

PElites Percentage of elites 20%

PInver-over Inver-over probability 25%

PMutation Mutation probability 20%

PCrossover Crossover probability 20%

FIGURE 5 Flowchart of the memetic optimization algorithm.

CEGLA and ENGELL 4161

 15482634, 2023, 12, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pen.26515 by T

echnische U
niversitaet D

ortm
und, W

iley O
nline L

ibrary on [01/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



was investigated by Gimenez et al.8,47–49 and optimiza-
tions were performed for the operating conditions and
screw design by Gaspar-Cunha et al.,18 Berzin et al.,50

and Teixeira et al40 The previous work on this system
and the availability of data enables allows for a compari-
son of both modeling and optimization results. Polyca-
prolactone is a biodegradable polyester that is mainly
used in biomedical applications.

4.1 | Chemical model

The polymerization of ε-Caprolactone is a ring-opening
polymerization initiated by an by the metal complex tita-
nium isopropoxide. The reaction kinetics of the polymeri-
zation can be described as51:

d M½ �
dt

¼�1:2�1016 � M½ � � I0½ �α exp �Ea

RT

� �
ð25Þ

with the concentration of the monomer M½ �, the initial
initiator concentration I0½ �, the activation energy Ea of
the reaction, the temperature T and the universal gas
constant R. The weight average molecular weight Mw is a
function of the conversion X and the monomer to initia-
tor ratio [M0]/[I0] and can be described by Poulesquen
et al.52:

Mw ¼X � 39 � M0½ �= I0½ �þ7900ð Þþ114: ð26Þ

The conversion of the monomer, X is a function of
the monomer concentration M and the initial monomer
concentration M0 and is described by Poulesquen et al.52:

X ¼M0�M
M0

: ð27Þ

A value of 0 represents no conversion, and a value of
1 full conversion of the monomer. The zero shear viscos-
ity η0 of this system can be described by a generalized
cross-Carreau equation as proposed by Gimenez et al.8:

η0 ¼ 1:35�10�17 � exp Ev

R
� 1

T
� 1
T0

� �� �
�M4:4

w ð28Þ

with the activation energy Ev.The viscosity as a function
of the shear rate _γ is given as Poulesquen et al.52:

η _γð Þ¼ η0

1þ τ � _γð Þa½ � 1�pð Þ=a ð29Þ

with the pseudoplastic index a and the power index p.
The relaxation time τ is computed by Gimenez et al.8:

τ¼ 1:7�10�20 exp
Ev

R
1
T
� 1
T0

� �� �
�M4:1

w : ð30Þ

The parameters of the chemical system are presented
in Table 3.

4.2 | Extruder

The co-rotating twin-screw extruder is the integral part of
the reactive extrusion process. To validate the twin-screw
extruder model and the performance of the optimization
algorithm, the results are compared with published
results for the ε-Caprolactone process in References
[18,40,50]. The extruder is the same as in the references,
a Leistritz 30.34 extruder with a L/D ratio of 36. The geo-
metric parameters of the extruder are presented in
Table 4.

4.3 | Optimization results

The degrees of freedom of the optimization is the rota-
tion speed within a range of 150–200 rpm, the through-
put between 3 and 30 kg/h, and the barrel temperature
in the range of 140–180�C as well as the screw geome-
try. Three different cases are studied with different
monomer-to-initiator ratios of 400, 800, and 1200. The
details of the rheological and chemical system of the ε-
Caprolactone polymerization were given in Section 4.1.
The parameters of the EA are given in Table 2. For of
the reactive extrusion of ε-Caprolactone, the energy
demand of the process per mass of product is used as
the cost function (Equation (23)) to be directly compara-
ble to Reference [18]. The constraints are a conversion
larger than 99.9%, a maximum bulk melt temperature of
at most 220�C, a maximum melt temperature of 210�C at
the die, and a total dissipated energy of at most 9200 W.
The constraint on the conversion is not active as full con-
version is achieved already after about 30% of the extruder
length for the full range of operating conditions. The spe-
cific energy demand was also selected as optimization cri-
terion as it represents an economic cost function for the
process which is important during process development.
The performance measures such as the maximum pressure
or temperature, residence time, or restrictions to the indi-
vidual specific energy contributions can be directly consid-
ered within our optimization method through the
constraints and were chosen for this case as shown before.

The screw elements that can be placed by the opti-
mizer are shown in Table 5. Only the locations of the ele-
ments that are underlined in Table 5 can be changed.
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Similar to,18 for the optimization of the screw geometry
the first two screw elements are fixed to ensure a reliable
introduction of the material feed into the extruder. The
elements 11, 12 and the die are fixed to ensure a compa-
rable pressure build-up as the pressure is used as indica-
tor for the viscosity. The elements 3–10 can be distributed
freely by the optimizer. The extruder is discretized into
units of 30 mm length matching the minimum length of
the available screw elements. Compared to,53 the length
of the die was increased to 30 mm and the diameter of
the die was changed from 2 to 2.63 mm to obtain the
same pressure drop. Instead of using six kneading blocks
with various lengths a staggering angle of 90�C and a
width of the disc of 7.5 mm, the optimization was carried
out with four kneading blocks with a length of 30 mm
per block and four discs each to be compatible with the
discretization. The total length of the kneading blocks is
unchanged compared to Reference [53]. The parametriza-
tion of the conveying and pressure characteristics is
shown in Table 6. These values result from Equations (5)
and (7).

Initial computations showed a limitation by the pres-
sure drop caused by the diameter of the die. The pressure
at the die reached a value of 120 bars at a throughput of
23 kg/h, generating a back-pressure zone over the entire

length of the extruder. Therefore, higher throughputs
were not feasible. These results are consistent with the
outcome of the study in Reference [18] where the results
of the Pareto optimization show a maximum feasible
throughput of 23 kg/h at 200 rpm for all monomer to ini-
tiator ratios considered. The observation of this effect at
the same throughput and similar temperatures indicates
the consistency with the pressure drop calculations of the
reference.

Consequently, for further investigation, a diameter of
the die of 5 mm was chosen. The maximal achievable
throughput resulted as 35 kg/h reaching the maximum
process temperature of 220�C in accordance with the
result in Reference [53] using Ludovic©. The only differ-
ence between the two simulation models is that the vis-
cous dissipation is estimated slightly higher by Ludovic©.
The optimization is limited by the same bounds in the
operating space of rotation speed and throughput as pre-
sented in Reference [53]. The results of the optimization
using the MA for the three different cases and the opti-
mal operating conditions are shown in Table 7 and the
corresponding optimal screw configurations are depicted
in Figure 6.

For the cases of [M0]/[I0] ratios of 400 and 800, the
optimal operating conditions, with respect to the specific
energy demand, are at the maximum throughput of
30 kg/h, 150 rpm, and a barrel temperature of 180�C.
With an increase of the [M0]/[I0] ratio to 1000, the
energy introduction by viscous dissipation is significantly
higher and requires lowering of the barrel temperature to
160.2�C to provide additional cooling of the melt
to satisfy the constraint of a temperature of 210�C at the
die. Due to the increasing product viscosity, the specific
energy demand per kg of product rises from 0.248 MJ/kg
for an [M0]/[I0] ratio of 400 to 1.027 MJ/kg for a [M0]/
[I0] ratio of 1000. Comparing the different screw configu-
rations for the different monomer to initiator ratios, the
biggest difference is the positioning of the kneading

TABLE 3 Parameters of the

polymerization model of

ε-Caprolactone.8,51

Parameter Description Value Unit

ΔH Reaction enthalpy �250 J/g

M0 Molecular weight of the monomer 114 g/mol

ρ Density 1210 kg/m3

Ea Activation energy of the reaction 92.6 kJ/mol

EV Activation energy of the rheology 40.0 kJ/mol

α Chemical order of the initiator 3.25 -

R Universal gas constant 8.314 J/mol

T0 Reference temperature 120 �C

p Power index 0.52 -

A Pseudoplastic index 1.25 -

TABLE 4 Geometrical parameters of the Leistritz 30.34

extruder.

Parameter Description
Leistritz
30.34

D External screw diameter [mm] 33.8

DC Internal screw diameter [mm] 26.2

CL Centerline distance [mm] 30

L
D

Length/diameter ratio [�] 36

L Screw length [m] 1.2
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blocks. As they are not actively conveying with a stagger-
ing angle of 90�, they build up a restrictive pressurized
zone. For a [M0]/[I0] ratio of 400, the optimal configura-
tion is to have two separate sections of kneading blocks
at the start and at the end of the extruder. For a [M0]/[I0]
ratio of 800, the optimal configuration is to have all
kneading blocks located consecutively at the last possible
location of the extruder. Reducing the initiator concen-
tration further, the optimal position of the kneading
blocks is closer to the feeding port. A similar effect for
the screw placement was also observed in the reference
work40 for the maximization of the throughput under the
given processing conditions.

Figures 7 and 8 show the pressure, filling level, viscos-
ity, temperature, and conversion profiles over the length
of the extruders and the RTD for the optimal solutions.
For the case of a [M0]/[I0] ratio of 400, the
section between the two kneading blocks is almost
entirely filled despite having conveying elements between

the blocks. Due to more viscous dissipation, a higher melt
temperature is reached which is lowering the viscosity
and the heat transfer from the barrel. A pressure of about
5 bar is reached at the die with an almost linear pressure
decrease. For the case of lower initiator concentrations,
the pressure is increased to 17 and 28 bar. This is caused
by the higher viscosity of the polymer as with less initia-
tor fewer chains with higher molecular weights are
formed. The positions of the kneading blocks are visible
in the pressure profile by pressure peaks. As the through-
puts, the rotation speeds, and the length of the backpres-
sure zones are similar for different cases, the resulting
RTDs are almost identical. The mean residence times are
47 s for [M0]/[I0] = 1000 and 800 and 52 s for [M0]/[I0]
= 400. The longer residence time for the latter case is
explained by the placement of the 20 mm conveying ele-
ment before the kneading elements at the die, extending
the backpressure zone of the die and hereby the mean
residence time. The final temperature of the extrusion is

TABLE 5 Set of screw elements for

the ε-Caprolactone case.
Parameter 1 2–3 4–5 6 7–10 11 12 Die

Length [mm] 300 120 120 120 30 120 60 30

Element R20 R45 R30 R20 KB90 R20 R30 Ø5

Note: The positions of the underlined elements can be changed by the optimizer, the elements 1, 2 (extruder

inlet zone), and 11–13 (extruder die section) are fixed. R30 and L30 indicate forward (to the die) and reverse
(to the feed) conveying elements with a pitch of 30 mm. KB90 indicates kneading blocks with a staggering
angle of 90�. A round die of 30-mm-length and 5-mm-diameter is used.

TABLE 6 Flow and pressure characteristics of the screw elements for the Leistritz 30.34 compounder.

Screw element type Length [mm] A1 A2 σBCM

20/20 R 30 0.1111 838 0

30/30 R 30 0.1667 810 0

45/45 R 30 0.2500 769 0

KB 90/4/30 30 0 1214.4 0

TABLE 7 Optimal operating

conditions for the monomer to initiator

ratios of 400, 800, and 1000 and the

screw configurations in Figure 6.

[M0]/[I0] [�] _m [�] n [rpm] TB [�C] Energy input [MJ/kg] Tmax [�C]

400 30 150 180.0 0.248 188.5

800 30 150 180.0 0.694 210.0

1000 30 150 160.2 1.027 210.0

FIGURE 6 Optimal screw configurations (minimal specific energy requirement) for monomer-to-initiator ratios of 400, 800, and 1000.

The numbers indicating the different sections are shown in Table 5.
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reached after one-third of the extruder length. Caused
by the faster reaction for the initiator ratio of 800, the
local viscosity is higher causing more viscous dissipa-
tion and a faster temperature increase in comparison
to the ratio of 1000. Although the reaction rate with a
monomer-to-initiator ratio of 400, is faster than in the
two previous cases (Equation (26)), the temperature
increase is lower due to the lower final molecular
weight (Equation (26)) and lower viscosity and viscous
dissipation (Equation (30)).

In all of the three investigated cases, full conversion is
reached at a third of the extruder length due to a suffi-
ciently high temperature and an accelerated reaction
speed for higher initiator concentrations (lower initiator
to monomer ratios, see Equation (25)). The zero shear
viscosity profiles show an initial overshooting of the vis-
cosity for all cases, before reaching the final values. This
is due to the reaction progress occurring faster than the

temperature increase, as the temperature increase is pri-
marily caused by viscous dissipation.

A comparison of the model with the experimental
results from Reference [52] was also carried out. For this,
the cases of [M0]/[I0] = 1000 with a barrel temperature of
125�C at different throughputs and 100 rpm were simu-
lated for the same screw configuration as in the experi-
mental setup. The mean residence times show a very good
accordance. At a throughput of 1.5 kg/h 184 s were simu-
lated (176 s exp.), at 2.4 kg/h 141 s (131 s exp.), and at
3.5 kg/h 118 s (104 s exp.). Our simulation model however
predicts significantly higher temperatures (up to 40 K).
This is due to the fact that the experimental results were
obtained for very low throughputs and rotation speeds. In
this case (which our model does not target), the heat trans-
fer coefficient (Equation (15)) is underestimated. Further-
more, the viscous dissipation (Equations (19)–(22)) is
overestimated for very low local filling ratios, in this case

M0/I0
M0/I0
M0/I0

M0/I0
M0/I0
M0/I0

M0/I0
M0/I0
M0/I0

FIGURE 7 Pressure and

filling ratio profiles and residence

time distribution of the optimal

screw configurations.

FIGURE 8 Temperature,

conversion, and zero shear viscosity

profiles of the optimal

configurations.
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only 5%–10%. Our model describes bulk effects, whereas
in this experiment other phenomena due to large void
spaces dominate. In the throughput range of around
30 kg/h for which the optimizations were performed, these
two effects are negligible.

Concluding the validation, the results are coherent
with the reference works for the optimization of the pro-
cess. From an engineering perspective, the process still
shows improvement potential as most of the length of the
extrusion equipment remains unused and limits the max-
imum throughput by the constraint on the maximum
total mechanical energy input. To apply this method for
process optimization at very low throughputs as in the
experimental reference work, the thermal process model
has to be modified.

4.4 | Performance of the memetic
algorithm

In order to quantify the benefit of the MA over a pure
EA, it is benchmarked against the optimization using
only the evolutionary algorithm. The continuous optimi-
zation variables are optimized by the EA in the MA using
the mutation and crossover operator, but in contrast to
the MA, the continuous variables are not further opti-
mized by the local optimization. The probability of cross-
over or mutation is parametrized with 20% for each
continuous variable in an individual. For three continu-
ous optimization variables, the probability of changes in

the continuous variables of the individual is high. For
both cases, a population of 25 individuals with an elite
percentage of 20% is used. The comparison is performed
for the optimization of ε-Caprolactone with different
[M0]/[I0] ratios of 400, 800, and 1000. As the perfor-
mance metric, the total computation time is used. The
optimization was performed on an AMD Ryzen Threa-
dripper 3990X processor. To reduce stochastic effects of
the random initialization and in the algorithm, each case
was evaluated 10 times. The results are shown in
Figure 9. Clearly, the MA outperforms the standard EA.

This finding is further supported by the results shown
in Table 8. The performance improvement of the MA
compared to the EA increases with higher [M0]/[I0]
ratios. This is partly due to the higher number of feasible
solutions in the population, which improves the perfor-
mance of the MA. Infeasible solutions do not provide the
EA with quantitative information on the solution quality.
This benefit for highly constrained cases is especially
interesting for industrial optimization scenarios, for
which multiple operational, quality, and safety require-
ments have to be met simultaneously. For the case of
twin-screw extrusion and especially for reactive extru-
sion, the continuous variables have a strong effect on the
quality of a solution because, for example, a small devia-
tion from the optimal temperature might lead to a viola-
tion of the required conversion.

In general, to reduce the optimization time for prob-
lems with a large number of degrees of freedom, the
search space can be reduced by tightening the operating

FIGURE 9 Convergence plots of

the optimization using the evolutionary

algorithm (EA) and the memetic

optimization (MA) for the [M0]/[I0]

ratio of 400 (left) and 1000 (right).

Shown are the mean, max, and

minimum values after each generation

of 10 realizations over the total

computation time.

TABLE 8 Results of the memetic

optimization (MA) and the

optimization only using the

evolutionary algorithm (EA) after

180 min of computation time.

Case Min [%] Mean [%] Max [%] Std. Dev. [%] Feas. [%]

EA 400 100.8 102.3 103.8 1.040 100.0

EA 800 104.4 107.2 110.8 2.149 78.0

EA 1000 104.4 107.6 109.5 1.813 28.9

MA 400 100.0 100.0 100.0 0.001 100.0

MA 800 100.0 100.1 100.5 0.166 93.7

MA 1000 100.0 100.5 101.1 0.320 56.5
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window of the continuous variables based on expert
knowledge. For complex processes, such as reactive
extrusion, with highly coupled variables, a tightening is
hardly possible as the optimal operating region is not
known a priori and the optimal operating window is very
narrow. This is tackled in the proposed MA by exploiting
the search space locally with the local optimization and
using the gained information in the evolutionary algo-
rithm, but also by exploring the entire space using differ-
ent initial starting points provided by mutation and
crossover.

5 | DISCUSSION

The proposed combination of model and optimizer
tackles the challenge of basing the optimization upon
an accurate process model, which is computationally
more expensive, by the use of an efficient combination
of a local solver with an EA to reduce the number of
simulation calls. The presented model overcomes the
drawbacks stated in Reference [18] of insufficient
model accuracy, especially in terms of the description
of the mechanical energy dissipation and the correct
representation of the flow patterns. In order to obtain a
precise prediction of the residence times in the differ-
ent sections, not only the conveying and pressure char-
acteristics but also the local mixing effects are taken
into account as discussed in Section 2.2. In the model,
various screw geometries can be taken into account
such as mixing elements, shells, or kneading blocks
and conveying elements. As the extruder model is fully
parametrized by geometrical properties such as diame-
ter, centerline distance, or L/D ratio, the simulation of
different equipment configurations is possible. The
model can also be adapted to other applications easily
as arbitrarily complex reaction kinetics can be inte-
grated and the model can be simulated in forward
mode, instead of requiring that all extrusion states con-
verge to the steady state after a number of passes as in
Reference [54]. In Section 4, the optimization results
for the ε-Caprolactone case with a comparison to the
results obtained by Gaspar-Cunha et al.18 are shown.
Both the results for the optimal screw geometry and
operating conditions, as well as the predictions of the
operating conditions such as the melt temperature at
the die show a good accordance to the experimentally
validated model by Gaspar-Cunha et al.18 Due to the
availability of information on all variables of the
model, arbitrary cost functions can be chosen that rep-
resent the real production costs or other goals as, for
example, the minimization of the specific energy
demand. Also, for example, a combination of energy

efficiency and the time to start up the extruder or the
time for product changeover could be used. Constraints
on the equipment, input variables, or process parame-
ters can be enforced directly in the optimization.
Examples for such constraints could be a maximal tem-
perature gradient of the barrel temperature or a maxi-
mal melt temperature or shear rate. The higher model
complexity increases the computational time and addi-
tional constraints reduce the number of feasible solu-
tions. The addition of the local optimization to the
evolutionary algorithm increases the speed of conver-
gence by one order of magnitude and significantly
increases the fraction of feasible solutions. To increase
the computational performance further, it is conceiv-
able to use data-based models that were trained data
generated by the model and possibly additional experi-
mental data. This can either be realized as full data-
based model or a hybrid model, as presented for the
reactive extrusion of nylon 6,6.55,56

6 | CONCLUSION

We have presented an improved model of a reactive
extrusion process and a flexible and broadly applicable
memetic optimization method for its design. Existing
models were combined and extended to account for the
special requirements of reactive extrusion and a new and
more efficient calculation of the pressure profile was pro-
posed. The integration of the BCM enables an accurate
quantification of the effects of mixing and kneading
elements.

The model and the optimization method were vali-
dated for the polymerization of ε-Caprolactone. The
memetic optimization strategy is characterized by a
fast convergence and an efficient handling of con-
straints due to the embedding of local optimizations of
the continuous degrees of freedom. For the reference
case, a speed-up up to one order of magnitude in com-
putation time compared to the optimization using only
the evolutionary algorithm was observed. With an
increasing complexity of the optimization problem by
more constraints and a smaller feasible operating win-
dow, the speed-up of the MA is expected to increase
even further. As the chemical system and the extrusion
system are parametrized independently, this method
can be efficiently applied for process scale-up and be
adapted to different reaction systems. The use of a
dynamic model offers the possibility to further improve
the operation during start up and product changeover
and to use the model for advanced process control. In
future work, the optimization results will be validated
experimentally at both pilot and production scale and a
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combination of measured process data and the process
model described here will be employed for improved
process control of the process.
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APPENDIX A

A.1 | COMPARISON OF A THEORETICAL
MODELING APPROACH WITH THE
PROPOSED MODEL
In the following section, the transformation of the two
different modeling approaches is presented. In the
rotational-model for twin-screw extrusion proposed by
Reference [57–59] the polymer flow is considered as flow
through a C-shaped chamber. The velocity profile in this
geometry is determined using the two plate model and
for this, the Stokes equation is integrated twice. The pres-
sure distribution in radial direction is neglected. The con-
sidered channel has a width W of:

W ¼ cos ϕð ÞTs

nF
: ðA1Þ

The overall flow _V can be described as59:

_V
W

¼�Fpv

1
8η

ΔP
Δθ

R2
e �R2

i

� �
1� 2ReRi

R2
e �R2

i

ln
Re

Ri

� �� �2
" #

þFdv
1
2
ΩRe cos ϕð Þ 1� R2

i

R2
e �R2

i

ln
Re

Ri

� �2
 !" #

ðA2Þ

with the screw pitch angle ϕ:

ϕ¼ arctan
TS

πD

� �
: ðA3Þ

This holds true for 2π�2ψ where ψ describes the
intermeshing angle. The flows in the intermeshing
section are described as pressure flows with a reduced
channel width of W�59:

_V
W� ¼�Fpv

1
8η�

ΔP�

Δθ�
R2
e �R2

i

� � � 1� 2ReRi

R2
e �R2

i

ln
Re

Ri

� �� �2
" #

:

ðA4Þ

The width of the channel in the intermeshing
section W� is59:

W� ¼W �αRe sin ϕð Þ ðA5Þ

and the angle defining the screw flight α60 results as:

α¼ π

nf
�2ψ : ðA6Þ

The intermeshing angle ψ as defined by60:

ψ ¼ arccos
CL

D

� �
ðA7Þ

with the correction factors Fp and Fd. These shape
factors represent the reducing effect of the flights
between the infinite parallel plates. They can be
calculated as61,62:

Fd¼ 16W
π3H

X∞
i¼1,3,5

1
i3
tanh

iπH
2W

� �
, ðA8Þ

Fp ¼ 1�192H
π5W

X∞
i¼1,3,5

1
i5
tanh

iπW
2H

� �
ðA9Þ

with the channel height H60:

H¼Re�Ri: ðA10Þ

Kohlgrüber developed an empirical model describing
the flow phenomena with experimentally determined
geometric coefficients14:

_V ¼A1nD
3�A1

A2

D4

η

Δp
Δx

: ðA11Þ

For conveying elements, Kohlgrüber suggests the
approximation13:

A1,approx ≈
AcrTs

2D3 : ðA12Þ

It is also possible to determine an expression for A1

using the model presented by Vergnes7 by transformation
of the equation for completely filled elements. Equating
the result of both models:

_V conveying,Kohl ¼ _V conveying,Vergnes, ðA13Þ

A1nD
3 ¼Fdv

1
2
ΩReW cos ϕð Þ � 1� R2

i

R2
e �R2

i

ln
Re

Ri

� �2
 !" #

ðA14Þ

with the angular screw rotation speed Ω:

Ω¼ πDn, ðA15Þ

A1nD
3 ¼Fdv

1
2
πDn

D
2
W cos ϕð Þ � 1� R2

i

R2
e �R2

i

ln
Re

Ri
Þ2

� �� �
,

	
ðA16Þ
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A1 ¼Fdv
1
4D

πW cos ϕð Þ 1� R2
i

R2
e �R2

i

ln
Re

Ri

� �2
 !" #

: ðA17Þ

The comparison the pressure characteristics yields:

_Vpres,Kohl ¼ _Vpres,Vergnesþ _V
�
pres,Vergnes, ðA18Þ

A1

A2

D4

η

Δp
Δx

¼Fpv

W
8η

ΔP
Δθ

þW�

8η�
ΔP�

Δθ�

� �
R2
e �R2

i

� �
� 1� 2ReRi

R2
e �R2

i

ln
Re

Ri

� �� �2
" #

ðA19Þ

with Δθ �Ts ¼Δx andη� ¼ η:

TABLE A1 Comparison of the two modeling approaches for different extruders and screw elements.

Screw element 24/24a 16/16a 16/16b 25/25b 33/33b 20/20c 42/42c

CL 15 15 21 21 21 26.2 26.2

D 18 18 25 25 25 30.7 30.7

Di 11.6 11.6 16 16 16 21.3 21.3

nF 2 2 2 2 2 2 2

TS 24 16 16 25 33 20 42

A1 0.356 0.226 0.197 0.308 0.406 0.157 0.398

A1,approx 0.367 0.245 0.179 0.280 0.370 0.156 0.327

A1,vergnes 0.321 0.215 0.143 0.244 0.318 0.159 0.342

A2 766.5 808.6 832 798 768 1284 1165

A1
A2
�103 0.464 0.279 0.237 0.386 0.529 0.123 0.342

A1,Vergnes

A2,Vergnes
�103 0.712 0.299 0.144 0.406 0.730 0.099 0.494

A1,approx

A2,approx
�103 0.478 0.302 0.215 0.351 0.481 0.187 0.427

aEitzlmayr (2014) Coperion ZSK 18.13
bEitzlmayr (2014) Clextral BC21.13

cBrouwer (2002) Coperion ZSK 30.25

FIGURE A1 Comparison of the experimental conveying flow characteristics (A1) and the pressure flow characteristics A1
A2

��
with the

approximations developed by Kohlgrüber and Eitzlmayr and with the theoretical approach developed by Vergnes 1992.
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A1

A2
¼Fpv

Ts

8D4

W
2π�2ψ

þW�

2ψ

� �
R2
e �R2

i

� �
� 1� 2ReRi

R2
e �R2

i

ln
Re

Ri

� �� �2
" #

: ðA20Þ

For the approximation of the pressure characteristics
Equation (7) is used:

A2 ≈ �93:4 �Ts

D
þ893: ðA21Þ

The comparison of both results is shown in
Table A1 for different element characterizations on
different extruders. The results are also shown in
Figure A1. For the conveying flows, the agreement
of the approximation developed by Kohlgrüber for A1

with the experimental data is slightly better than the
theoretical approach by Vergnes. A possible explana-
tion for this might be that the simplification as two
parallel plates without considering the screw curva-
ture. Comparing the prediction performance of A1

A2
,

the approximation is significantly better than the

theoretical approach. This is caused as five out of
the seven points depicted were used to determined
the approximation in Equation (A21) and also geo-
metrically similar screw elements in terms of pitch-
to-diameter ratio were investigated. In case no
a-priori information is available, the theoretical
approach using Equation (A20) provides a good first
approximation.

A.2 | EXAMPLE FOR THE APPLICATION OF
THE INVER-OVER OPERATOR

FIGURE A2 Example for the application of the Inver-over

operator for inversion (A) and crossover (B). For the inversion (A),

the sequence between element 1 and 5 is inverted. For the

crossover (B), the sequence of the two adjacent elements 5 and

6 switched.
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