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In this work, a recently proposed viscoelastic non-isothermal extrusion film casting model, which ac-
counts for flow-induced crystallization, was generalized by including heat transfer coefficient considering
radiation, natural and forced convection. This variable heat transfer coefficient (HTC) based model was
found to have the ability to predict the measured temperature, velocity, width and crystallization pro-
file for process conditions typical for the production of polypropylene energy storage membranes. The
difference between variable and constant HTC based models was investigated in more details by using
systematic parametric study. The obtained results suggest that the use of the variable-HTC model should
be preferred for polymer energy membrane production over the constant-HTC models, and flow-induced
crystallization should always be included, otherwise the extrusion film casting model loses its ability to
describe experimental reality. It is believed that the proposed model and the obtained results can help to
understand the optimal process conditions for the production of polymer membranes for energy storage
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due to their use in rechargeable lithium-ion batteries and special energy storage.
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1. Introduction

Extrusion film casting (EFC) is a technology for the produc-
tion of semipermeable membranes for energy storage, which are
increasingly important due to their use in rechargeable lithium-
ion batteries and special energy storage [1-8]. In this technique,
a polymer melt (typically polypropylene, PP) is extruded and
stretched under high cooling conditions into a thin precursor film
with a row-nucleated lamellar crystal structure (see Fig. 1) [9]. In-
tensification of cooling can be done by widening the air gap, in-
creasing the draw intensity and/or using a specific device to in-
crease cooling efficiency, such as an air-knife or cooling fans near
the die. With regard to these processing conditions, basic isother-
mal models [10-43] may no longer apply, and more complex mod-
els that take temperature changes into account using the energy
equation [44-73] should be used. One of the most challenging
problems in this approach is the correct estimation of the heat
transfer coefficient (HTC) to accurately determine cooling rates. The
primary strategy is twofold: to set a constant HTC along the whole
drawing distance [51-53,55-59,61-65,67,68,74], or to evaluate the
HTC at different positions as the film approaches the chill roll
[45-50,54,60,66,69-73,75]. Heat exchange from the film to the sur-
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roundings can be realized by various heat exchange mechanisms:
conduction, convection, and radiation. Most studies have pointed
out that heat conduction in the drawing direction can be neglected
with respect to the heat convection and vice versa in the thickness
direction due to the high value of Peclet number [68]. Based on
simulations, Smith [52] found that, due to the poor thermal con-
ductivity of the polymers, downstream rapid cooling on the chill
roll insignificantly affects the film in the air gap. Once the film
comes into contact with the chill roll, its geometry remains con-
stant [56,75]. A similar approach is often used for viscous dissi-
pation, which is considered negligible for film casting because the
contribution to the HTC is much smaller than that due to advec-
tion [52]. The first group of studies relies on the assumption of
a constant HTC, using supporting arguments from the predictions
of some advanced models [69], which show that the HTC is al-
most uniform across the air gap except the regions adjacent to the
die and the chill roll. The first trials for film casting were per-
formed in 1989 [56] by fitting temperature profiles from an IR
camera and later including crystallization on rolls [67,68]. Then,
Smith [52] used two one-sided HTCs for the air gap and roll sec-
tion to adequately describe the heat transfer to different ambient
environments that do not take into account natural and radiation
heat exchange mechanisms. Sollogoub et al. [58,59] performed cal-
culations with a uniform constant HTC and based on the work of
Smith et al. [53] (which showed that the HTC can vary across the
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film width due to the complex relationship between convection,
radiation and lateral air stream) applied an heterogeneous heat
transfer, higher at the border than in the rest of the film. However,
the predictive ability of constant HTC models appears to depend on
the specific cooling conditions in the air gap, and simplified mod-
els can still provide a framework for investigating the influence of
thermal effects without necessarily providing quantitative predic-
tions [57].

The second category of works deals with the evaluated HTC,
which generally takes into account the following three key con-
tributions: forced convection, natural/free convection and radiation
varying along the drawing distance. Detailed early analyses of heat
transfer in the air gap were given by Barq et al. [69] and for a
roll section by Cotto et al. [56], Duffo et al. [68], and Billon et al.
[75]. Natural convection [71] or radiation [54,66] or even forced
convection together with radiation [45] were typically neglected in
the early stage of non-isothermal EFC modeling to reduce compu-
tational complexity.

Lamberti et al. [72,73], in 2001, was the first to incorporate tem-
perature induced crystallization in the EFC model. The forced con-
vection term was modified to adopt local velocity as suggested by
Duffo et al. [68], and natural convection was described by a well-
known formula [76], while the radiation term was used from Barq
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Fig. 1. Schematic representation of the extrusion film casting process.

et al. [39,69]. This approach of calculating the HTC calculation ap-
proach was adopted in the later works of Aniunoh [60], Zhou et al.
[50] and Barot and Rao [47]. This study was also the inspiration
for Pol et al. [48], who used a slightly different approach to calcu-
late the forced convection term related to the film velocity, which
consists of two components: the actual axial local velocity with the
chill roll velocity added, similar to it is used by Barq et al. [69] and
later followed by the work of Chikhalikar et al. [49].

Lamberti et al. [46], in 2005, followed up on the subject of
his previous work [72] and assumed that the originally proposed
model could predict the main features of the experimental tem-
perature profiles; however, in the area near the extrusion die, the
overall HTC was overpredicted. It is worth noting that the die re-
gion is critical for film formation, as most of the deformation is
done here. Therefore, the forced convection term was reevaluated,
and the characteristic dimension originally expressed as air gap
length was replaced by the local position with the modified coeffi-
cient. In addition, radiation heat exchange was extended to include
radiation from the hot metal die toward the polymer film and from
the polymer film to the ambient air.

Despite the relatively large number studies that have been per-
formed on non-isothermal EFC modeling, there is currently no
physical model, that accounts for flow-induced crystallization [77].
It is therefore not surprising that our current understanding of the
role of forced convection and flow-induced crystallization in EFC
on the flow stability and resulting precursor film crystallinity is
still rather limited. This significantly limits material and process
optimization in the production of polypropylene membranes for
energy storage. To fill the given knowledge gap, we have recently
been the first to propose and validated a non-isothermal viscoelas-
tic EFC model considering flow-induced crystallization [74]. How-
ever, in order to reduce the complexity of the model, a simplify-
ing assumption considering a constant value of the HTC was used,
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which may reduce the ability of the model to describe the heat
transfer in EFC under processing conditions typical for the produc-
tion of polymeric energy storage membranes, i.e., under very rapid
cooling conditions that account for radiation, natural and forced
convection, where flow-induced crystallization occurs. The aim of
this work is to generalize our recently proposed EFC model by in-
cluding of radiation, natural and forced convection, validate it and
clarify the role of forced convection during EFC conditions typical
for the production of PP membranes for energy storage. Particular
attention has been paid to understanding EFC conditions in which
the widely used assumption of a constant HTC does not provide
realistic predictions.

2. . Mathematical modelling
2.1. Extrusion film casting (EFC) model

In this study, a viscoelastic non-isothermal EFC model utiliz-
ing 1.5-dimensional kinematics [15,78] was used and numerically
solved to determine the basic process quantities in free surface
flow in the region behind the die (see Fig. 1). The EFC model con-
sists of continuity and momentum conservation governing equa-
tions, which are solved simultaneously with the embedded energy
equation and the viscoelastic single-mode modified Leonov model
as a constitutive equation. A detailed derivation of the EFC model
and the numerical scheme used to solve it can be found in our pre-
vious studies [51,74]. In the following sections, the basic equations
of the EFC model are carefully presented together with a new defi-
nition of the HTC taking into account radiation, natural and forced
convection. The EFC model using a variable and constant HTC is
referred to here as the “full model” and the “simplified model”, re-
spectively.

2.2. Constitutive equation and kinematics

2.2.1. Constitutive equation

The modified Leonov constitutive equation used is based on
heuristic thermodynamic arguments arising from the rubber elas-
ticity theory [79-84|. In this constitutive equation, the fading
memory of a melt is determined by an irreversible dissipation pro-
cess governed by the dissipation term, b. It applies the stress to
the elastic strain stored in a given viscoelastic fluid according to
the following formula

B W W
2(31 a,) M

where is the stress, and W, the elastic potential that depends on
invariants I . and I . of the recoverable Finger tensor ,

3G 11,5 n+1 1215 n+1

(2)

where G denotes a linear Hookean elastic modulus, and n are nu-
merical parameters. The crystallinity-modulus relationship is de-
scribed using a suspension model developed by Kotula and Migler
[85] and generalized by Barborik and Zatloukal [74], which allows
the determination of an effective elastic modulus G for a crystal-
izing polymer melt at a given crystalline volume fraction, X., by
following expression

[}

(Go)'? - (G)"/*
(GO)UCI +A(G)1/q
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(G +A(G)'

A=,
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where the fully crystallized solid phase and amorphous polymer
melt modulus is denoted by G, and G, respectively, &. is the crit-
ical percolation fraction at which the modulus begins to grow dra-
matically and g determines the sensitivity of the modulus at the
critical percolation fraction. In the generalized version of the sus-
pension model [74], the model parameters G,, g, and &. change
with the relaxation time of the polymer melt using a power-law
expressions given by Eq. (4) along with its six fixed parameters,
namely G, , G, 5, qq, G, &, and Eaz that must identified on the
relevant experimental data.

G1 = Gl.z)‘G“; q= qz)\ql; ‘i:c = éc.z)‘é“' (4)

This makes it possible to include the experimentally observed
feature observed by Pantani et al. [86] that the modulus of longer
chains shows a higher increase with increased crystallinity com-
pared to shorter chains. The fading memory of the liquid is deter-
mined by an irreversible dissipation process governed by the dissi-
pation term, b, as proposed in [87] with the Mooney potential (i.e.
n =0 in Eq. (2)) as follows

b(h.J) = 4 fexp[-£ /i, ~3] + sinh [v (. ~3)] -

v(IM —3) +1

where B and n are numerical parameters, and £ and v are
temperature-independent adjustable model parameters. The tem-
perature dependence of the melt relaxation time, A, is described
here by the Arrhenius form with a constant activation energy as
follows

e[ 31 )]

with T(x) is the melt, respectively, E, is the flow activation energy,
A, is the relaxation time of the melt at the die exit, R is the uni-
versal gas constant and T, is the reference melt temperature.

In addition to the previous effect, the relaxation time is also
influenced by the degree of crystallization. To account for this fea-
ture, the S-shaped function By (Xc) that acts directly on the initial
melt relaxation time A, was used as follows:

A= Px.(Xe)Ag (7)

Br(X) =1+ fexp (—X’;> ®)

where f, h, m are material constants related to crystallinity. This
approach was originally utilized by Titomanlio [88] for the elastic
modulus, and Pantani et al. [86,89] extended it to the relaxation
time. Leonov hypothesized that the dissipative process acts to cre-
ate an irreversible rate of strain e, which in turn spontaneously

reduces the rate of elastic strain accumulation as

ILc -1 12,6
€p=b[c35} b[c 35] 9)

here, is the unit tensor and the actual recoverable elastic strain
tensor ¢ is related to the deformation rate tensor D as follows

o
|

ne

llw}

lie]

p

e
||

where E is the Jaumann (corotational) time derivative of the recov-
erable Finger strain tensor.

2.2.2. Kinematics

The following paragraphs present the basic set of dimension-
less equations describing the kinematics of the EFC process ob-
tained by combining the modified Leonov constitutive equation
with the continuity and momentum conservation equations, the
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full in-depth derivation of which can be found in our previous
work [23].

The dimensionless conversion was implemented as follows,
keeping the notational convention consistent with the open lit-
erature [15]: 7; is the component ii of the extra stress tensor
(Eqg. (11)), X is the axial position in the air gap, u is the axial veloc-
ity of the film, é and L are half-thickness and half-width of the film
(Eq. (12)), respectively. The film drawing intensity is characterized
by the draw ratio, DR, and dimensionless drawing force E, melt
elasticity by the Deborah number, De, and the basic process ge-
ometry by the aspect ratio, A, (Eq. (13)).

_ T.eolg

ii:“T an

_ X u _ e - L

x:Y,uzfo,e:?o,L:fo (12)
uX) 1 FX AUy X

DR = u, E GheLyu, De_T’A_LT) (13)

In the given equations, F is the drawing force acting on the film,
X is the length of the air gap, x is any given position in the air gap.

Using the Mooney potential in the modified Leonov constitutive
equation (i.e. when n = 0 and 8 # 0 in Eq. (2)), the relationship be-
tween the dimensionless stress and the recoverable strain is given
by Eq. (14). The diagonal components of the recoverable strain ten-
sor, ¢c;; , and their derivatives with respect to x are then expressed
via Eqgs. (15)-17

. E E E
Ty = jecii—ﬁefii'ﬁ DeCul B (14)
dc,, 1di  2b

ax = Cegar T Tl (15)

dc [
w _ . 1dL_2b

ix ~Xwid T aY (16)
dc 1dé 2b
& = =FgR T 1 (17)

The dimensionless streamwise strain rate, di/dx, is defined
in Eq. (18), while the dimensionless half-width, dL/d%, and
half-thickness, de/dx, strain rates are calculated according to
Egs. (19) and (20), respectively.

@ _ B[ﬁ(zx _Zz) _Zx +Zz] + Bﬁ(ézz

- Z) B4 (c,(1- )+
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2.3. Energy equation

The energy balance equation [72] used in this study gives the
change in temperature, crystallinity, including flow-induced crys-
tallization with a variable the HTC to capture the total heat ex-
change with the environment is defined as follows:

T _ 2HTC, (T,
dx Com

—~T)IX AHdX.
C, dx

(22)

where L(x) is dimensionless half-width of the film, X is the length
of the air gap, X is the dimensionless position within the air gap,
HTC,,, is the overall heat transfer coefficient, C, is the specific
heat capacity, m is the mass flow rate in quarter-cross-section, AH
is the latent heat of crystallization, T(x) and T, are the melt and
the ambient air temperature, respectively, X.(x) denotes the crys-

talline volume fraction in the polymer.

2.3.1. Heat transfer coefficient

The overall heat transfer coefficient, HTC,,;, is not considered
a constant in the air gap [51], but it is calculated more realistically
to describe the complex heat exchange with surroundings by the
following three different mechanisms; forced, h It and natural con-

vection, h,, and heat transfer by radiation, h,:
HTC,pqy (%) = hy 4+ hy + hy (23)

The sum of these contributors expresses the total heat exchange
with the surrounding environment. For forced convection, a thin
plate/film in the air stream is assumed using the local velocity for-
mula taken from [68], and the characteristic dimension is taken as
the inverse of the true position in the air gap [46] originating from
[69].

ko [uX —x)pa1"°[Cpaptal®>
hy=B . 24
s f(x—x)[ Ka ] [ Ka ] (24
where Bf is the forced convection parameter, k, is the thermal

conductivity of the air, p, is the air density, ©, is the dynamic
viscosity of the air, C, , is the specific heat capacity of the air and
x is the position in the air gap . The natural convection term was
evaluated according to the following formula [76]

hn Bn % I:gacc:gax (T Ta) CP a:uai| (25)

V2 ka

where B, and j are the natural convection parameters, g, is
the gravitational acceleration, f, is the volumetric expansion
coefficient of air and v, is the kinematic air viscosity. Based on the

£)

di (¢
dx
CoztCxx ) Deu

dx - ﬂ (Cxx + sz) —Cz— Cor ( s

dL Tyy - fzz

&~ N e
dé 1dl 1dia\.

cbz:_<[a>z aa&)e (20)

where b and Z; are given as follows

- X 4 1, _ _
b= ufobl Zi=¢y [Cn’ —G'+ §(Cxxl Oy 5 — o — Gy — sz)]
(21)

(18)

Stefan-Boltzmann law, the contribution to radiative heat transfer is
described as

T4
T,-T

h, = s(e)a (26)
where ¢ and o are denoted as the emissivity of the polymer and
the Stefan-Boltzmann constant, respectively, and e(x) is the half-
width of the film. An important role is played by the emissivity,
which is a function of the film thickness using the following for-
mula [72]

e(e) =1—exp(—ae) (27)

here a is the regression parameter that was evaluated as 2662 m~!
for iPP films [39,90].
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2.3.2. Crystallization kinetics

The crystallization kinetics model used in this study was orig-
inally drawn by Ziabicki [91,92] and later modified by Lamberti
[93]. The resulting semi-dimensionless form of the crystallinity
evolution equation, X, in the spatial coordinates is given as

dX (%) n-1dP®) X

dx dx tug
where X, is the equilibrium volume content of crystallinity (the
maximum in the crystalline phase that the melt can contain), the
constant n, has a value of 3 to capture heterogeneous nucleation
and three-dimensional crystal growth [92], and u(x) and u, are
the dimensionless axial and initial film velocities. The function ex-
pressing the nonlinear description of crystallinity development is
denoted as P(X):

= Xegexp {~[P(®)]™ }n[P(%)] (28)

K®) = %P()?)ﬂuox (29)

Here, K(x) is the overall crystallization kinetics factor character-
izing the rate of crystallization:

K =Ky (1 + Cbzauoxz> (30)

in which the effect of temperature on crystallization is captured by
functions K, as follows

T(Tn—T) E. (Tm)*
W exp [_ﬁ] exp |:—K2 T(T,,1—T)i| (31)

where «,, k,, and E. are material parameters determined from the
isothermal test, R is the universal gas constant. The influence of the
cooling rate on the crystallization kinetics is, on the other hand,
covered by the non-isothermal function, Z, of the form

Kip = K1

A (Tw)? E
T= auox% (33)

where, the cooling rate is denoted as T, B,y and A, are the ma-
terial parameters introduced by Lamberti and Titomanlio [93] to
improve the ability of the model to describe the crystallinity evolu-
tion at very high cooling rates. Finally, T and T, are instantaneous
and the melting temperature of the polymer, respectively. The fit-
ting parameters «;, «,, E., B, and A ,, for the material used in
this work were determined in [93].

ath

2.3.3. Flow-induced crystallization

The effect of flow on crystallization kinetics follows the concept
that molecular strain causes a decrease in the melt entropy, which
increases the melting temperature [94] as follows

-A
T, (Sp) = ;[tanh (SFAl> + 1} (AsSp +Ay) + Ty (34)
2

where T,gq and T, (Sp) are the equilibrium and quiescent melting
temperature, A,_, are the experimentally determined parameters,
and S;; is the molecular stretch function using the first invariant of
recoverable Finger tensor I, :

Se=hL¢-3 (35)
2.4. Numerical solution methods

The improved film casting model consisting of a set of first-
order ordinary differential equations was solved with a 4th order
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Runge-Kutta method with adaptive step-size control. For more pre-
cise control over the calculation steps, the solver was developed
in C++ with the results passed to GNUPLOT for visualization pur-
poses. Due to the geometric symmetry of the film, only 1/4 of
the film cross-section was used in the calculation, as showed in
[70]. The computation begins with a data loading and preprocess-
ing phase in which the implicit Kotula’s function Eq. (3)) is iter-
atively precomputed for later facilitated utilization to determine
the elastic modulus of the crystallizing melt. An initial estimate
of the drawing force is then made based on the current value of
the relaxation time at the die exit. It is worth noting that the
drawing force increases by order of magnitude with the relaxation
time, and its initial satisfactory estimation contributes to numer-
ical stability and induces shorter computation times (the draw-
ing force values correspond to low draw ratios, just above the
unity, usually requiring a shorter Runge-Kutta method step calcu-
lation, which results in significantly longer calculation time). The
preparatory phase is completed by the iterative calculation of the
stress boundary conditions, followed by the solution of the main
set of eight differential equations for the crystallization kinetics
(Eq. (28)), the energy of equation (Eq. (22)), the half-width of the
film (Eq. (19)), the axial velocity (Eq. (18)), the half film thickness
(Eq. (20)), the components of the recoverable elastic strain ten-
sor (Egs. (15)-((17)) for each Runge-Kutta method step in which
the current melting temperature of the polymer is estimated us-
ing Eq. (34) to reflect flow-induced crystallization effects. The main
change in the updated calculation scheme lies in the core calcula-
tion block, more specifically in the part where the energy equation
is solved, see Fig. 2. While the original approach relied on a sin-
gle constant value of heat transfer coefficient, HTC, Eq. (23), used
in each calculation step, the new/revised concept is designed to
evaluate HTC in terms of radiation, Eq. (26), natural, Eq. (25), and
forced convection, Eq. (24), based on the actual die-roll position,
film axial velocity, temperature, and thickness to better describe
the experimental reality. The main set of equations is repeatedly
solved according to the step size of the Runge-Kutta method un-
til the position of the chill rolls, i.e. position x =1, is reached.
Depending on whether the desired draw ratio is achieved at the
chill rolls, the initially estimated drawing force is iteratively up-
dated (increased or decreased) for each subsequent calculation un-
til convergence using the bisection method. After the calculation
task is completed, the calculated data was subsequently processed
for analytical purposes. The typical computation time for evaluat-
ing one prescribed DR... is about 6 min on a PC with an Intel Core
i7-7700 CPU, 32 GB DDR4 RAM, and an NVMe SSD without using
parallelism means. More information about the basics of calcula-
tion scheme, including methods of stabilization and calculation of
boundary conditions, can be found in our previous work [74].

3. Results and discussion
3.1. Model validation

In order to verify the EFC model, the experimental data taken
from the work of G. Lamberti and G. Titomanlio ([95] and [96])
for linear isotactic polypropylene (iPP) was used. Their film cast-
ing experiments were performed on the laboratory scale extruder
with an additional take-up device utilizing the sensors for online
measurement of width and axial velocity (image analysis), temper-
ature (infrared pyrometry), crystallinity (collection and analysis of
FTIR transmission spectra by modified M2000 FT-IR spectrometer
manufactured by Midac Co.), and orientation [95]. The quiescent
kinetic experiments were performed via both DSC (Mettler DSC30)
and custom-tailored apparatus designed to quench thin polymer
films while crystallization kinetics was examined by analyzing the
intensity of depolarized light cutting across the sample [96]. The
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Fig. 2. Core part of calculation scheme: (a) original core, (b) modified core. The full numerical scheme is presented in our previous work [74].

Table 1
Constitutive equation parameters for iPP T30G material.

Constitutive equation

MT) Lo (5) 0.1
Eq. (6) Ea (k]-mol-1) 41.736
T, (°C) 140
R (J- K-'-mol1) 8.314
A(Xe) £(1) 1 000
Egs. (7)-(8) h (1) 1.73519
m (1) 0.65159
G(Xc) Go (Pa) 45 447
Egs. (3)-(4) Gy (1) 0.78
Gz (Pa-s71) 900
q: (1) 104
q (s1) 1.42
&1 (1) -0.028
Ec2 (s71) 0.165
Modified Leonov model E(1) 0
Egs. (2) and (5) v (1) 0.5
B (1) 0.5

Average melt relaxation time at the die exit (Ty;e=220°C) [99]
Flow activation energy [100]

Reference temperature [86]

Universal gas constant

Parameters in the function describing the effect of crystallinity on the
relaxation time, (fitted over the experimental data set in [86] Fig. 10b
therein)

Elastic modulus of the amorphous polymer melt
Generalized model parameters for the elastic modulus defined by Eq. (4)
that were identified in [74] on experimental data taken from Fig. 10a in [86]

Non-linear Leonov model parameters [74]

active cooling operation on the film was accomplished by a set of
linear nozzles capable of blowing air on both sides of the film to
facilitate film flow-induced crystallization.

In a first step, experimental data taken from [96] for linear iso-
tactic polypropylene (iPP) performed at an extremely high cooling
speed (86 °C/s) were used to validate the EFC model with respect
to its ability to describe film temperature and predict crystallinity.
Corresponding material and experimental conditions/parameters
were taken from open literature and are listed in Tables 1-3 (pro-
cess conditions marked as Ab1). The numerical scheme proposed
in our previous work [74]| was used to solve the EFC model. The

die exit stress state is assumed to be given by a constant ratio
of the second and the first normal stress difference, -N,/N;=0.2
[51,97], because the effect of the flow history inside the extrusion
die can be considered negligible since the Deborah number at the
exit of the die is less than 0.3 [26] for the considered process-
ing condition. The HTC represents the only unknown that must be
sufficiently defined and identified for the model to become fully
predictive. In this work, two different approaches are used to in-
clude HTC in film casting modeling. In the full model, convec-
tion (both natural and forced) and radiation were considered to
describe the total heat exchange between the film and the sur-
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Table 2
Parameters of the energy and crystallization kinetics equation for iPP T30G material.
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Energy equation

Ka (J- s71- K-1. m1) 0.0257
pa (kg- m~3) 1.2

Heat transfer
coefficient

Thermal conductivity of air [48]
Density of air [48]

Egs. (24)-(27) pa (1073 Pa-s) 1.82 Dynamic viscosity of air [48]
Cpa (JKg'- K1) 1 005 Specific heat of air [48]
Ba (°C 1, K1) 0.0034 Volumetric expansion coefficient of air [48]
Sacc (M- 572) 9.81 Gravitational acceleration [48]
a(m™) 2 662 Regression parameter in the equation of heat radiation [46]
Bn (1) 0.01 Parameter in the natural convection equation [48]
i 0.25 Parameter in the natural convection equation [48,72]
o (J- s m2 K*) 5.67 x 1078 Stefan-Boltzmann constant [48]
Crystallization Xeq (1) 0.61 Equilibrium level of crystallinity in the polymer volume [101]
kinetics ne (1) 3 Type of crystallization growth [101]
Egs. (28) and (30-32) Tm (K) 463.15 Melting temperature of the polymer [101]
E¢/R (K) 45 570 Crystallization kinetics parameters taken from [101]
K1 (1050 s 1) 2.778
Ky (1) 5.871
Aan (1) 1.7721
Bam (107°7 ) 3.448
Flow-induced A (1) 1.15 Parameters of the stretch function describing the evolution of
crystallization Az (1) 0.26 Tm taken from [94]
Eq. (34) A; (K) 1
A4 (K) 4.92
Tmoq (°C) 190 Flow-induced equilibrium melting temperature [93]
Table 3

Summary of basic material characteristics for iPP T30G and processing conditions used.

Material and process

Basic material M, (g-mol-1) 75 000
characteristics M,, (g-mol~1) 481 000

PDI (1) 6.4

Mo at Tge (Pa-s) 4 545

Tacticity (mmmm) 87.6%

Ea (kj-mol~') 41.736

G, Jkg 1 K1) 1926

pp (kg- m~3) 743.9

AH (kj-kg~1) 209
Processing conditions up (1073 m- s71) 4|47
(Ab1 | Z1 and Z72) u(X) (1073 m- s71) 103 | 150

X (m) 0.4

Taie (°C) 220

Ta (°C) 20

2Ly (m) 0.2

2eo (1074 m) 3|5

DR (1) 25.75% | 32

Number average molar mass [46,96]

Mass average molar mass [46,96]

Polydispersity index [46,96]

Newtonian (zero-shear rate) viscosity, from Fig. 8 and Table II in [86]
Tacticity [46,96]

Flow activation energy [100]

Specific heat capacity of the polymer [102]

Polymer density, calculated from [74,103] for Tg;e

Crystallization latent heat for fully crystalline iPP [104]

Axial velocity component at the die exit [96] | [95]
Chill roll speed [96] | [95]

Take-up length (air gap) [96]

Melt temperature at the die [96]

Ambient temperature

Width of the die (width of the film at the die exit) [96]
Die gap (thickness of the film at the die exit) [96] | [95]
Draw ratio [95]

3 The value was calculated from the values of uy and u(X) from [96] via Eq. (13) for DR.

roundings using Eqs. (23)-(27). In this case, the HTC depends on
the actual film temperature and the position between the die and
the chill roll. In the simplified model, the HTC given in the energy
equation (Eq. (22)) is considered a constant. Independently of the
type of heat transfer approach used, there is only one fitting pa-
rameter to be identified from the measured temperature profile to
have a fully predictive model. Namely, a parameter of forced con-

vection Bf, which appears in the Eq. (24) or HTC,,, constant in

Eq. (22) for full and simplified model, respectively. In order to find
the parameter, its value has been systematically changed (from 0
to 50 with step 0.1) to minimize the degree of deviations between
the measured and calculated temperature profile evaluated by nor-
malized Root Mean Square Error, nRMSE, defined as

A
Tk (X) -Tq
Tdie - Ta

§ -
1 T(X) —Ta
RMSE = | < - 36
" ) Z ( Tdie - Ta ) ( )

k=1

A
where § is the number of measured points, T, (X) and T (x) rep-
resent measured and predicted temperature of the film at a given

dimensionless drawing distance X, T, is the film temperature at
the die exit and T, is the air temperature. This procedure was
applied for full and simplified model to obtain optimum values
for Bf and HTC,, ., respectively, using the EFC model accounting
for flow-induced crystallization (see Fig. 3) and also when flow-
induced crystallization is turned off (see Fig. 4). In these two fig-
ures, the predicted HTCs are shown along with the model predic-
tions for film temperature and film crystallinity for both consid-
ered cases, which are compared with the corresponding measured
data.

As can be seen in Fig. 3, the model accounting for flow-induced
crystallization using the full model is able to nicely describe the
measured temperature and crystallization profile for the given pro-
cessing conditions, as the model can handle low and high (i.e. dif-
ferent) cooling intensity at the die exit and chill roll region, respec-
tively. However, in the case of the simplified model, the cooling in-
tensity remains the same, and therefore the model underestimates
the temperature in the die exit region due to the high cooling
intensity enhancing flow-induced crystallization, which generates
exothermic heat causing the artificial formation of a local maxi-
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Fig. 3. Model predictions for the development of HTC;y, (), film temperature (b), and film crystallinity (c) as a function of dimensionless drawing distance accounting
for flow-induced crystallization and using two different expressions for the HTC in the energy equation for process conditions summarized in Table 3 (marked as Ab1).
Experimental data are taken from [96]. The model predictions are provided for optimum values of B;=10 (full model - variable HTC approach) and HTC;g=23.1 J-s"".K"!-m

(simplified model - constant HTC approach).
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Fig. 4. Model predictions for the development of HTC, (a), film temperature (b), and film crystallinity (c) as a function of dimensionless drawing distance with flow-
induced crystallization turned off and using two different expressions for the HTC in the energy equation for process conditions summarized in Table 3 (marked as Ab1).
Experimental data are taken from [96]. The model predictions are provided for optimum values of B;=9.9 (full model - variable HTC approach) and HTCy;=19.9 J-s"!.K'1.m2

(simplified model - constant HTC approach).

mum in the temperature profile. Then, the model starts to overes-
timate the temperature towards the direction of chill roll, because
the cooling intensity is insufficient.

The effect of variable and constant HTC approach on the be-
havior of the model with flow-induced crystallization turned off is
shown in Fig. 4. Although the variable HTC approach provides a
higher ability to describe the measured temperature profile than
the constant HTC approach (the reason is the same as discussed
above), neither of them is able to describe the region of the tem-
perature profile that corresponds to the onset of crystallization
(the constant temperature region occurring at the dimensionless
drawing distance about 0.2). It is therefore not surprising that the
model with flow-induced crystallization turned off (i.e. neglecting
the increase in melting temperature and crystallization rate due
to the decrease in melt entropy caused by the alignment of poly-
mer chains) underestimates the crystallinity of the film because
crystallization occurs at lower temperatures (i.e. later, further from
the extrusion die) and slower than when considering flow-induced
crystallization (see Fig. 4c).

In a second step, experimental data taken from [95] for linear
isotactic polypropylene (iPP) performed at low (experiment Z1 -
blowing air off) and high (experiment Z2 - blowing air on) cool-
ing intensities while maintaining the same operational conditions

were used to further validate the EFC full model (flow-induced
crystallization switched-on) with respect to its ability to describe
film temperature and predict film width and velocity. Photographs
for extrusion film casting experiment Z1 and Z2 are provided in
Fig. 5a and Fig. 5b, respectively, and the corresponding material
and processing conditions are provided in Tables 1-3. The only free
parameter Bf of the EFC model that appears in Eq. (24) for forced
convection, was identified for experiment Z1 and Z2 by minimiz-
ing the degree of deviation between the measured and calculated
temperature profile (i.e. minimizing the nRMSE given by Eq. (36)),
see Fig. 6a. When B ; Parameter of the EFC model was available,
the film velocity and width were predicted and compared with
the corresponding experimental data as shown in Fig. 6b-c. It can
be seen that the agreement between the model predictions and
the measured data for film velocity and width is reasonable, even
though the number of experimental points for the temperature
profile used to identify the Bf parameter is low.

3.2. Parametric study

The objective of the parametric study is to assess the differ-
ences between EFC model using variable and constant HTC ap-
proaches at different cooling intensities for iPP and reference ex-
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Fig. 5. Photograph of an extrusion film casting experiment for iPP T30G [95] performed under the same operating conditions summarized in Table 3 but different cooling
intensities: (a) experiment Z1 - cooling air is off, (b) experiment Z2 - cooling air is on. Note that a mixture of iPP T30G with carbon black was used to better visualize
producing films. Reproduced with permission from G. Lamberti, and G. Titomanlio, “Analysis of Film Casting Process: Effect of Cooling during the Path in Air,” Ind. Eng.
Chem. Res. 45(2), 719 (2006). Copyright 2006 American Chemical Society. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 6. Model predictions for the film temperature (a), dimensionless film axial velocity (b), and dimensionless film half-width (c) as a function of dimensionless drawing
distance with flow-induced crystallization turned on for the same operating conditions but different cooling intensities (i.e. experiments Z1 and Z2 with processing conditions
summarized in Table 3). Experimental data are taken from [95]. The model predictions are provided for optimum values of B;=4 (case Z1) and B;=19 (case Z2).

perimental process conditions summarized in Table 3 (marked as dimensionless drawing distance x using full (i.e. using a given value
Ab1). The procedure was as follows. First, forced convection pa- of B I in Eq. (24)) and simplified (i.e. using a given value of HTC,, ,
rameter B, appearing in expression for variable HTC given by  in Eq. (22)) model, respectively, T, is the film temperature at the

Eq. (24) as well as the constant HTC, value were varied from die exit and T, is the air temperature. Equivalent constant HTC,

0 to 70 with step 0.01 in full and sin%(gll]ilﬁed models, respectively, for given Bf was determined for the case in which nRMSEg ’ \5332
to predict realistic values for the following key variables: temper- minimum.

ature, crystallinity, width of the film and take-up force. Second, The parametric study using the EFC model accounting for flow-

nRMSEg, values were calculated via Eq. (37) to evaluate differences  induced crystallization was performed for reference processing

between temperature profile (i.e. dependence of the film temper- conditions marked as Ab1 in Table 3. Model predictions for film

ature vs. dimensionless drawing distance X) obtained for full and temperature and crystallinity as a function of dimensionless draw-

simplified model ing distance considering full model using different B [ values are

5 shown in Fig. 7a-b. If the cooling intensity is low, the temper-

12 ng,k(??) Ty Turc, k(%) — T ature of the film decreases slightly, and the final crystallinity is

nRMSEBf 1o ’2]: Tie — Tu - Tie — Tu zero (0 < By <0.5). With increasing cooling intensity (B > 0.5),

k=

the lowering of the film temperature is intense and the polymer
(37) melt begins to crystallize, which is indicated in the temperature
where ¢ is the number of calculated points, Ty \(X) and profile by the appearance of a region with a slightly decreasing
THTCmm,,k(’z) represent calculated temperature of the film at a given or even slightly increasing temperature due to the exothermic na-

10
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Fig. 7. Model predicted effect of HTC on film temperature and crystallinity (model accounting for flow-induced crystallization) as a function of dimensionless draw-
ing distance using full model that uses a variable HTC given by Eq. (23) (by changing parameter By in forced convection term appearing in Eq. (24)) [(a) and (b)] or
by using simplified model that uses an equivalent constant HTCpq Vvalue [(c) and (d)]. Process conditions are summarized in Table 3 (marked as Ab1). Units: By (1),

HTCporq (J-s1-K1-m-2).

ture of crystallization (see Fig. 7a). The crystallinity profiles for the
given B, values are shown in Fig. 7b. It can be seen that the move-
ment of the crystallization onset from the chill roll region to the
die region with an increased B, value is relatively smooth.

The film temperature profiles obtained in the previous step for
the given Bf values were fitted using the simplified model. In this

1

way, it was possible to determine a equivalent constant value of
the HTC, ., for the given Bf value. The best fits of the simplified
model for the temperature profiles and the corresponding predic-
tions for crystallinity are shown in Fig. 7c-d. Comparing Fig. 7a-b
and Fig. 7c-d, it can be seen that the ability of the simplified model

to describe the temperature profiles obtained using the variable-
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Fig. 8. Comparison between full and simplified model predictions (both models accounting for flow-induced crystallization) just below [B;=3.6, HTC;o;y=6.78 J-s"'-K'"-m2,
(a)-(c)] and just above [Bf=3.7, HTC;o1=10.85 J.s"1.K"".m2 (d)-(f)] development of HTCy. [(a), (d)], temperature [(b), (e)] and crystallinity across the air-gap [(c), (f)]. Process

conditions are summarized in Table 3 (marked as Ab1).

HTC-based model has its limits. The simplified model begins to
over predict the intensity of the flow-induced crystallization un-
der moderate cooling conditions (see pronounced local maxima in
the calculated temperature profiles provided in Fig. 7c caused by
the predicted artificially high amount of exothermic heat). It can
be seen in Fig. 7d that the predicted movement of the crystal-
lization onset from the chill roll region to the die region with the
increasing HTC,,,, value has an abrupt character at the moderate
values of HTC,_, . An abrupt change in the behavior of the sim-
plified model occurs when the Bf values in the full model change
from 3.6 to 3.7 for the given processing conditions, as shown in
Fig. 8.

For the case, in which Bf = 3.6, (see Fig. 8a-c) the simplified

model gives an equivalent constant value of HTC;yy =6.78]-s71-
K-1.m2 (nRMSEp, = 0.081). This leads to a reasonable descrip-
tion of the film temperature at a dimensionless drawing distance
0 < x < 0.2, where the HTC values, i.e. the cooling efficiency, of the
two models are comparable. When x > 0.2, the cooling efficiency
increases in the full model, which initiates and promotes the flow-
induced crystallization at X = 0.4, which generates the exothermic
heat that is effectively removed from the film because the cooling
efficiency is high. The film temperature thus becomes predicted by
the full model practically constant from X = 0.4 approximately to
X = 0.8. The simplified model is able to describe this temperature
plateau region also quite well, but the mechanism behind it is dif-
ferent compared to the full model. Since it uses a smaller value of
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HTC compared to the full model, the onset of flow-induced crys-
tallization is delayed to about x = 0.5, its intensity is reduced, and
thus a correspondingly small amount of generated exothermic heat
can be effectively removed from the film (up to about x = 0.8), al-
though in this case the cooling efficiency is low. If x > 0.8, the full
and simplified model predictions differ. At these locations, the full
model predicts that the film is fully crystalized, and no exother-
mic heat generation occurs. Since the full model provides the high-
est HTC value in these locations, the film temperature is signifi-
cantly reduced here. The simplified model predicts the continued
occurrence of the crystallization process with subsequent exother-
mal heat generation in these locations. As the HTC value remains
constant (much lower compared to the full model), the cooling ef-
ficiency is not high enough to release a large enough amount of
heat from the film to lower its temperature. Compared to the full
model, the simplified model thus predicts a higher final film tem-
perature and a lower final film crystallinity.

For the case in which Bf was slightly increased from 3.6 to
3.7, (see Fig. 8d-f), the simplified model greatly increased the
equivalent constant value of HTC, from 6.78]-s~1.K~1.-m=2 to
10.85]-s71.K1.m2 (nRMSEg, = 0.085). While the behavior of
the full model is virtually unchanged, the behavior of the simpli-
fied model changed significantly. The cooling intensity of the sim-
plified model is now much higher than that of the full model at
about 0 < x < 0.3, leading to underprediction of melt temperature,
early onset of flow-induced crystallization, and generation of cor-
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responding exothermic heat. For X > 0.3, the cooling efficiency of
the simplified model has decreased compared to the full model
because there is not a high enough heat removal, so the film tem-
perature even rises, reaches a maximum, and then decreases. This
drop in temperature is possible because the film has prematurely
fully crystallized at about X = 0.6, i.e. no further exothermic heat
evolution occurs and the given cooling intensity is high enough
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to reduce the film temperature in the region of the cooling roll.
Since the cooling efficiency is lower in this region for the simpli-
fied model than for the full model, the film temperature drop is
weak. Thus, compared to the full model, the simplified model pre-
dicts a higher final film temperature and the same final film crys-
tallinity (i.e. fully crystallized film).

The Fig. 9 provides nRMSEBf to quantify the degree of differ-
ence between full and simplified model predictions along the di-
mensionless drawing distance for a wide range of cooling inten-
sities (i.e. for different values of Bf and equivalent constant val-
ues of HTC,,,,) with respect to temperature (using Eq. (37)), crys-
tallinity (via Eq. (37) using actual to equilibrium crystallinity ra-
tio) and film half-width (via Eq. (37) using the actual to extrusion
die half-width ratio). It can be seen that the nRMSEBf is lowest
for film width. For crystallinity and film temperature, the nRMSEg ’
is low, then increases to a certain maximum and then decreases
with increased cooling efficiency. This suggests, that using a sim-
plified model to predict film temperature, crystallinity, and film
half-width can only be reliable under very low or very high cool-
ing conditions. It can be seen even more clearly in Figs. 10 and
11 where nRMSEBf (X =X), or exact value for the final monitored
variables (i.e. at the chill roll where X = X) are provided. It can
be seen that the simplified model tends to underpredict the fi-
nal crystallinity and overpredict final film temperature at all cool-
ing rates, where the predictions of the two model differ signifi-
cantly. On the other hand, the stress generated in the produced
film, which has strong impact on the final film mechanical prop-
erties, as shown in [98], appears to be reliably predicted by the
simplified model only at very low cooling intensities, because the
differences in the model prediction for the drawing force are very
small (see Fig. 10b). At the higher cooling intensities (i.e. if Bf >
3.6 in this case), the deviation between the full and simplified
model increases monotonically with increased cooling efficiency, as
the simplified model tends to overpredict the take-up force (see
Fig. 11b).
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Fig. 10. Differences between full and simplified model predictions (both models account for flow-induced crystallization) expressed by the normalized root-mean-square
error, nRMSEg, at the chill roll (using Eq. (37) where X = X) for film temperature (a), crystallinity (a), film half-width (a) and drawing force (b), plotted as a function of the
forced convection parameter By. Process conditions are summarized in Table 3 (marked as Ab1).
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4. Conclusions

In this work, the recently proposed viscoelastic non-isothermal
EFC model, which accounts for flow-induced crystallization, was
generalized by including HTC considering radiation, natural and
forced convection. This variable-HTC-based model was found to
have the ability to predict the measured temperature, velocity,
width and crystallization profile for process conditions typical for
the production of PP energy storage membranes, as it can han-
dle low and high (i.e., different) cooling intensities at the die exit
and the chill roll region, respectively. On the other hand, it was
found that the model based on constant HTC underestimates the
temperature in the die exit region, which promotes flow-induced
crystallization and the generation of exothermic heat causing the
formation of an artificial local maximum in the temperature pro-
file, and thus the temperature at the chill roll is overestimated due
to insufficient cooling intensity. After switching off flow-induced
crystallization, none of the tested models was able to describe the
temperature and crystallinity of the film.

The difference between variable and constant HTC based mod-
els was investigated in more details by using systematic paramet-
ric study. It was revealed that the model based on constant HTC
can reliably predict the final film temperature, crystallinity, and
film half-width only under very low or very high cooling condi-
tions. On the other hand, it appears that the stress generated in
the produced film, which has a strong impact on the final mechan-
ical properties of the film, is reliably predicted by the simplified
model only at very low cooling intensities. At higher cooling in-
tensities, the deviation between the variable-HTC model and the
constant-HTC model increases monotonically with increased cool-
ing efficiency, as the variable-HTC model tends to overpredict the
take-up force. This suggests that the use of the variable-HTC model
should be preferred for polymer energy membrane production over
the constant-HTC models, and flow-induced crystallization should
always be included, otherwise the EFC model does not represent
the experimental reality.

It is believed that the proposed model and the obtained results
can help to understand the optimal process conditions for the pro-
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duction of polymer membranes for energy storage due to their use
in rechargeable lithium-ion batteries and special energy storage.
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