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Numerical simulation of large amplitude oscillatory shear of a
high-density polyethylene melt using the MSF model

P. Wapperorft*, A. Leygue®, R. Keuning®
& Department of Mathematics, Virginia Tech, Blacksburg, VA 24061, USA
b CESAME, Université catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium

We studytheflow responsén largeamplitudeoscillatorysheaiof themolecularstresgunction(MSF) modelthathasrecentlybeenproposedy
Wagneretal. [M.H. WagnerP.Rubio,H. Bastian,Themolecularstresfunctionmodelfor polydispersgolymermeltswith dissipativeconvective
constraintrelease,). Rheol.45 (2001)1387-1412] The MSF modelis derived from moleculartheoryandhasonly two parameterso describe
the non-linearmaterialresponseThe model predictionsare analysedn both the frequencyandtime domain.It showsgood agreementvith
experimentabatafor a linear high-densitypolyethylenemelt. At low and mediumstrains,MSF model predictionsarein excellentagreement
with experimentatlataandpredictionsof a six-modeGiesekusnodelwhich hassix parameterso describethe non-linearmaterialresponseAt
mediumstrainsthebasicDoi—-Edwardsnodel,which hasnonon-lineamparametersalreadyunderpredictthedata At high strainstheMSFmodel
predictionsagreeslightly betterwith the experimentadatathanthe Giesekusmodel. Surprisingly,however,it is the Doi-Edwardsmodelthat
showsexcellentagreementvith experimentatiataat high strains.For thelinearmeltwe considerjt outperformghe modelsthathavenon-linear
parameterdyoth in the timeand frequency domain.

Keywords: LAOS; Integral MSF model; Deformation field method; Linear polymer melts

1. Introduction ters, the MSF model is able to accurately predict the non-linear
response in start up of shear and extension for a commercial
Molecular models have become increasingly popular to delinear high-density and branched low-density polyethyl@je
scribe the complex rheological behavior of entangled polymeric  The linear spectrum of polymer melts is normally determined
liquids. Practically all recently developed molecular models arén small amplitude oscillatory shear flow. At low strains, the ma-
extensions of the Doi—Edwards theory. Although the basic Doi-terial response is approximately linear. At larger strains, how-
Edwards (DE) moddll] can successfully predict the damping ever, non-linear effects do play an important role. Early large
function and the plateau modulus of linear viscosity, it has somamplitude oscillatory shear (LAOS) experiments date already
important deficiencies like excessive shear thinning in fast sheafrom almost 50 years ag@]. A recent overview of LAOS has
ing flows. Recent extensions of the Doi—Edwards theory havéeen given by Giacomin and Dedl]. Wilhelm etal.[5,6]intro-
alleviated these shortcomings. We consider one of such exteduced high-sensitivity Fourier-transform rheology and analysed
sions, the molecular stress function (MSF) model which hasarge amplitude step shear oscillations of polymer mpiis
recently been proposed by Wagner e{2). The non-linear re- Very recently, Debbaut and Burhii8] performed LAOS ex-
sponse is captured through the introduction of an extra evolutioperiments on a commercial high-density polyethylene melt up
equation for the molecular stress function. The model has twto high strains of 10. Their simulations with a Giesekus model
additional material parameters, one to describe extensional asthowed good agreement for moderate non-linear regimes and
one to describe shear flows. With only two non-linear paramelarger deviations for the most non-linear regimes that were ex-
perimentally achievable.
In this paper, we study the rheometrical response of the MSF
"+ Corresponding author. modelin large amplitude oscillatory shear flow. In particular, we
E-mail address: wapperom@math.vt.edu (P. Wapperom). investigate whether such models derived from molecular theory



are able to accurately predict experimental data of a commewherek is the transpose of the velocity gradient. For the MSF
cial linear polymer melt. In order to perform the simulations in model, the evolution equation for the square of the molecular
an efficient and accurate manner, we modify the deformatiostress function takes different forms for linear and branched
field method of Hulsen et a[9] (Section4). After validation  polymers. For linear polymers, we have

of the numerical technique in Sectiénwe show that the MSF
model, having only one relevant material parameter in LAOS,Df,? )

can accurately predict experimental results for a linear high-p; — fr e Q- 2 — 1CR
density polyethylene me[8]. At medium strains, the perfor- !
mance is comparable to that of a six-mode Giesekus fluid havywyhile for branched polymers the right-hand side is slightly mod-

ing six material parameters to describe the non-linear regimefied [2,11]. The dissipative constraint release CR is expressed
At these strains the basic Doi-Edwards model already undegs

predicts the experimental data. At the higher strains, both the

MSF and Giesekus model overpredict the experimental da'[EtR_ *(fz 1) {al /A2: Q +a2\/|A2 Q- A2: Q|
although the MSF model renders slightly to significantly better

predictions depending on the value of the non-linear material pa- (6)
rameter. Completely unexpectedly, itis the Doi—-Edwards model

that shows excellent agreement with the experimental data at thghere A{ and A, are second-order Rivlin—Erickson tensors
high strains. Then, the DE model, having no non-linear materialvhich are related to the rate-of-deformation tendoe (« +

(5)

parameters, outperforms both non-linear models. «")/2 and rate-of-rotation tenser = (k — «')/2 by
2. Governing equations A% = 4d?, Ay = % + A +2w-d+2d-w'. 7)

For the MSF model the stress is related to the deformatloprhe parameters; anday in Eq. (6) are the only two non-linear

history by parameters in the MSF model. The only parameter that is rele-
t vantin steady non-rotational flowsds, sinceds : Q — A% 0
I(r)= 5/ m(t — ') f2(1) Q [By(1)] df, (1)  vanishes in that case. The valuesgfcan be determined by fit-
- ting extensional flow data. Nextp can be obtained from shear
whereB; (r) is the Finger tensor which measures the deformatiorviscosity and first normal stress data.
of a fluid particle at the current tinravith respect to a reference The MSF theory is an extension of the basic Doi-Edwards
timer’. The memory functiom assumes the classical multimode tube theory{1]. The difference between the models is the in-

Maxwell form clusion of the molecular stress function for the MSF model. To
evaluate the improvement of this model in large amplitude os-
m(t—1) = Z / g =1)/%i, (2) cillatory shear, we use the Doi—-Edwards model for comparison.

The governing equations are then E(f9—(4) with fﬁ =1in
whereG; are the moduli and; are the relaxation times of the the expression for the polymer stress. The .DE model h"?‘s no
fluid. non-linear parameters and is fully characterized by the linear

The tensomQ is the strain measure for which the independentSpeCtrum'

alignment approximation was used in the original derivation . .
in [2]. Instead, we use the Currie approximation to the Doj—S- L.arge amplitude oscillatory shear flow
Edwards deformation tensft0Q]. The orientation tenso@ is

then directly related to the Finger straBy and the Cauchy In large amplitude oscillatory shear flow a fluid is subject to
strainB;,* by a periodic shear deformatignwith amplitudeyg and frequency
[/
U,
1 1 _1
=T 1% " U Dm rsampe B () = yo sin@m). ®)

Here,J = I + 2(I> + 3.25)/2 and I and I, are the firstand The deformation is applied for> 0 and up ta = 0 the fluid is
second invariants oB,/, respectively. For large amplitude os- assumed at rest. The corresponding periodic sheay red@als
cillatory shear flow this is a very good approximation to the

Doi—Edwards tensor using the independent alignment approxi(#) = 2rvyp cos(Zrvr). 9)

mation, as we show in Sectiah o i ] _ _
The MSF model is completed by an evolution equation for theVith this shear rate, the polymeric stress is obtained as a function
Finger tensor and the molecular stress functfenThe Finger of time from the constitutive equatiofs)—(4)and the evolution

tensor is governed by equation for the molecular stress function fpr linear ponmgrs,_
Egs.(5)—(7). Since the stress response attains a steady periodic

DBy —¢-B 4+ B, i 4) state, a Fourier transform facilitates a detailed quantitative anal-
Dt rrmr e ysis. The shear stress is decomposed into an infinite sum of



trigonometric functions, molecular stress function describing linear polymers, &9,

A 00 00 we obtain
0 .
To()="5 + > Ay sin(umvr) + Y B, cos(amvr),  (10)
n=1 n=1 sz 8f2 1
whereA,, andB, are the Fourier coefficients. For a real signal, or T = fle: Q- ﬁCR (13)

these coefficients are given by

c+(1/v)
An = ZV/C Ly sin(umvr) dt. subject to the boundary conditiofé(s, 0) = 1 and the initial

1) condition £2(0, r) = 1, since the fluid is assumed to be at rest
B, =2v / Tyy COS(2uvr) dt (11) forz<O.
¢ ’ In [9], the discontinuous Galerkin (DG) method is used for
for an arbitrary period ranging fromto ¢ + (1/v). The Fourier ~ the discretization of the differential equation for the Finger ten-
coefficientAg vanishes in view of the two-fold symmetry ofthe sor in thert direction. For transient flow problems involving
periodic shear stress signal. Standard numerical integration h&&fge and small time scales, the DG discretizatiorr iis not
been used to evaluate the integrals in @d.). very appealing. Large relaxation times imply a long time before
Recently, Debbaut and Burhj&] have described a new vis- a steady periodic state has been reached. For the simulations in
cometric device to characterize polymer melts in large amp"SECtiOﬂ? we used 200 s. The small relaxation times on the other
tude oscillatory shear flows. The experimental equipment conpand require a fine discretization for smallThe DG method
sisted of an oscillatory device with a closed chamber to allowequires a time step akz < At/6 for reasons of stability. For
for higher frequencies. At a temperature of 2@) LAOS ex-  our simulations in Sectiof, we use 152Q intervals which
periments have been performed at various frequencies and afave a minimum length of 9.69 10-°s. For the discontinuous
plitudes for the commercially available high-density polyethy-Galerkin method to remain stable, the maximum time step is ap-
lene melt Finatherf2 3802 YCF. Experimental data are avail- Proximately 1.6x 10-°. To avoid very long computation times,
able for the frequencies = 0.1, 0.3, 1, and 3Hz and for the We proceed differently.
amplitudesyp = 0.5, 1, 2.5, 5, and 10. For the higher frequen-  Discretization of the age is performed in a similar way
cies, not all amplitudes can be achieved experimentally. FoRs in[9]. We replace the semi-infinite age intervak [0, o)
v = 1Hz, the highest achievable amplitudejig=5, while by a finite interval [0 7] with 7 the cut-off age. This value
for v = 3Hz this isyp = 1. For further reference, we note that has to be large compared to the largest relaxation figg
the maximum shear rates that occur at the highest amplitudef the fluid. For the LAOS simulations in Sectidh we have
for each frequency arnax ~ 6.28 51 for v = 0.1 Hz, ymax ~ usedr; = 20Amayx Which is a rather conservative value. The in-

18.85s1 for v=0.3 and 3Hz, andymax~ 31.42s?! for  terval [0 z ] is divided intoN subintervals [z, ;+1] for each

v = 1Hz. Jj=0,..., N—1. These subintervals are of increasing size to
take advantage of the fast decaying memory function for large
4. Numerical method for simulation in LAOS values ofr/A;. For a one mode upper-convected Maxwell inte-

gral model, Hulsen et a]9] used a stretched mesh and deter-
The evolution equations for the Finger tendr are eas"y mined an optimal stretching factor. We found that this was not the
integrated analytically for large amplitude oscillatory shear, i.e Optimalz discretization for our multimode MSF model. To deter-
for the shear rate specified by ). We obtain for the non- mine the mesh for the age discretization, we define a cut-offtime

constant components of the Finger tensor tc,; = 204; for every relaxation time. For the interval,[& 1],
sin(@nv) /<0 we compute the discretization ex_actly as [@]. For other i.nter—
BY(r) = Yo _ v . = vals [« i, Tc i+1], We use less subintervals since the region up to
! —yo sin(2ovt’) + yo sin(2evr) >0 (12)  t;has already been discretized based on the smaller relaxation

XX [\ XY\ 2 times.

By () =1+ (8,)70) In view of the evaluation of the stress integral H@),

The strain measur@ can thus be obtained analytically and solutions to Eq.(13) are computed in the two-point Gauss
the only evolution equation that remains to be solved numeripoints on each subinterval. The&v2Gauss points? for each
cally in LAOS is the evolution equation fof?, Eq.(5)forlinear k=1, ..., 2N define the mesh on which we compute the molec-
polymers. To solve the evolution equation ﬁfﬁr we follow the  ular stress function. To include the end points of trelomain
idea of Hulsen et a[9], who used the age= ¢ — ' asindepen-  we definer§ = 0 andrzc‘]\,Jrl = 7¢. At each Gauss point® for
dent variable instead ofto solve the evolution equation forthe k=1, ...,2N + 1, we need to solve Eq13). Note that for
Finger tensomB(t, T) = B,(t). The introduction ofr as an in- LAQOS, the Finger tensor and thus the deformation tensor is
dependent variable modifies the time derivative in the evolutiorknown as a function of time andvia Eq.(12).
equation, but leaves the right-hand side unaltered. The proper Integration of Eq(13) from time¢; to 7;;.1 and over ar in-
equation forf2(z, t) = ft?(t) involves a derivative with respect terval between two Gauss pointﬂrr,il] is performed using
to ¢t andt resulting from the material derivative while leaving a trapezoidal rule for the time anddirection. This results, for
the right-hand side of an evolution equation unaltered. For theachk =0, ..., 2N, in a difference equation for the molecular



stress function at the new time leve} 1,

1 AtAT

2At+ At
(14)

fhrwm=fa+ (fl+lk faD)+ 2

At + At
X (Fit1,h+1 + Tik+1 + Fivd ke + Tik)s

whereAr = ti11 — t;, AT = r&l fk , andr denotes the right-
hand side of E(13). All quantltlesf andr; . are at the previ-

ous time level and are known at the start of a new time step. Thil

quantltlesf+1 0 andr;y1 o are known from the boundary condi-
tionatt =0, f+1 o = 1. For the firstr interval [Q, 1], only the
quantltlesfl.Hyl andr; 1.1, which is a non-linear function of?,

are unknown. To handle the non-linearity of the right-hand side,

we use a predictor—corrector scheme, for which weﬁ,@gl as
a predictor. Oncgf2 1.11s known, we can apply the same proce-

dureto obtalr]fJrl ,and soon, till we have computg‘;irl ON41
at the cut-off age of the largest relaxation time.

where wg,k=1,...,2N are the weights correspond-
ing to a two-point Gauss quadrature rule amd(zc) =
>_i Gi exp(—%/A;).

The numerical simulation of the Doi-Edwards model in
LAOS is more straightforward since no evolution equation needs
to be solved forf2. For every time step, only the stress needs to
be computed using E¢16) with f2 = 1 and the analytic solu-
on for the Finger tensor E¢12). For this we use exactly the
same age discretization as for the MSF model.

5. Melt properties

The linear spectrum of the Finathene melt that we use in all
our viscoelastic simulations is the six-mode spectrum identified
in [8] where it was used for LAOS simulations with the Giesekus

model.

In addition to the linear spectrum, the MSF model only con-

The molecular stress function for a linear polymer melt hagains two non-linear parameters for the molecular stress func-

to remain in the range (Q‘r%ax). When we use Eq14)in LAOS

tion, a; anday. The parametet; describes the melt rheology

simulations, we found thaf? can easily exceed the lower and in nonrotational flows and its value can be obtained from fitting
upper bound under strongly non-linear flow conditions, particelongational data. Next, the value @f, which is relevant for
ularly at large ages where the difference between two con- rotational flows, can be determined from the shear viscosity and
secutive ages is large. This makes the method unstable. Ffirst normal stress difference. For the Finathene melt, however,

example, onceg? becomes negative for some valuerait re-

only shear data are available. This is not a major limitation since

mains negative and rapidly increases in magnitude. The instabithe impact of the parametes in large amplitude oscillatory
ity disappeared when we applied a transformation that ensureshear flows is very small as we show in Sectiorin this sec-
that the molecular stress function always remains between it$on, we use the value; = 0.02 which was identified if2] for
lower and upper bound. For all our computations, we used thanother high-density polyethylene melt.

transformation
f2
2 f2

fmax

h=In

which maps (Of,%ax) to (—oo, 00). Instead of solving the differ-

ential equation forf2, we solve the corresponding differential
equation for. Since—oco < h < oo, we cannot violate any con-
straints. After obtaining the value éfat a new time level, the

value of /2 is recovered using the inverse mapping

€ fipax
1+ €
which indeed ensures thatd f2 < f2_..

In terms of timer and ager, the integral for the stress, Eq.
(1), becomes

f? =

T(t) =5 /O " (D) £, ) OB (. )] dr. (15)

Once the molecular stress function is computed at the new time

level, the polymer stresB(z;1.1) can be computed by integrating
over t. On the interval [Qz¢], the integral is approximated by
a finite sum and on [z oo) we assume?(t, t) = f2(1, 7c) and

B(t, 1) =
The resulting stress at the new time level is of the form

v
T(ti11) =5 wim(zf) (i1, 70) Q[B(tis1, TO)]

k=1

4 5M(e) fA(ti1, ) O[B(tis, )], (16)

B(t, tc), so that the integral can be integrated exactly.

The second parameteys is identified using steady shear vis-
cosity data. These shear data were obtained from small am-
plitude oscillatory shear measurements and the Cox—Merz rule
which is valid for the Finathene fluigB]. For another high-
density polyethylene melt, the valueaf = 2.3 was identified
in [2]. Using this parameter value, steady shear viscosity pre-
dictions also agree well with experimental data of the Finathene
fluid as can be observed frofig. 1. At shear rates of order
unity, the experimental data are slightly overpredicted while for
7 > 10s! a slight underprediction is apparent. Increasing the
value ofay leads to better agreement with experimental data at
shear rates around~ 1s1. The underprediction of the data

10°
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107 107

Fig. 1. Steady shear viscosity of the Finathene melt: experimental d§@& of
and model predictions of the MSF model using various values @f; = 0.02).
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ingly, the predictions of the Doi-Edwards model, which has no
adjustable parameters, agree well with the data up to moderate
shear rates. At higher shear ratgs; 10s1, the Doi-Edwards
model underpredicts the experimental data. Up to shear rates that
can be reached inthe LAOS experiments{ 32 s'1), however,
differences are relatively small. In fact, the predictions of the
DE model are only slightly lower than those of the MSF model
with ap = 8 as can be observed by comparifigs. 1 and 2.

The Carreau—Yasuda fit overpredicts the viscosity at large shear
rates. However, for the range of shear rates in the LAOS ex-
periments,y < 32s1, the purely viscous model shows good
agreement. For further reference, we have also includébin

2 the steady shear viscosity predictions of the Giesekus model.

The Giesekus model shows excellent agreement up to the largest
Fig. 2. Steady shear viscosity of the Finathene melt: experimental d&fceoid experimental shear rate.
model predictions of the Doi-Edwards, Carreau-Yasuda, and Giesekus model. To analyse shear predictions for a transient flow like LAOS, it

is also important to know the response in transient rheometrical
for ¥ > 10s7%, however, persists and even slightly increasesiows. Fig. 3displays the viscosity in start up of shear and start
whena is increased. We conclude frofig. 1that the steady up of uniaxial elongation at various deformation rates. The dif-
shear viscosity predictions are not very sensitive to changes in ferences between the results of the MSF models with different
and that a rather wide range of parameter valyeis the data  values of the non-linear parameterare small. Bothi, = 2.3,
equally well. For this reason, we will consider bath= 23,4, 4, and 8 show small time overshoots at moderate shear rates.
and 8 in the LAOS simulations in Sectign The magnitudes of these overshoots and the steady viscosity

Results of the MSF model in large amplitude oscillatory slightly decrease with increasing value @f. For the largest
shear will be compared with the basic Doi-Edwards model, thgalue ofa, = 8, the predictions lie only just above those of the
Giesekus model, and the inelastic Carreau-Yasuda nip2lel  Doi-Edwards model. For further reference, we also include in
For both viscoelastic models, we use the same linear spectrum gfj. 3a the model predictions of the Giesekus model. There are
for the MSF model. For the Giesekus model, we use in additiomwo differences with the molecular models. First, the larger time
the non-linear parameter values identified8h The viscosity  overshoots. This becomes apparent at relatively low shear rates
of the Carreau—Yasuda model is given by of = 1 and becomes more pronounced when the shear rate is
= no(L + [ Io])e~D/a iqcrea;ed. Sgcond, the Gieseku_s m(_)del has a higher stea<_jy sheat
1="0 2 ’ viscosity at high shear rates. This is in better agreement with the
wherel is the second invariant of the rate-of-strain tendor data inFig. 1. For the LAOS experiments, however, such high
The four adjustable parameters in the model are the zero-shetates cannot be achieved experimentally.
viscosityng, a time constart, the power-law index, and a nu- Fig. 3b shows that the differences between the models is much
merical parameter. The parameters are obtained from fitting themore pronounced in start up of uniaxial extension, at signif-
shear viscosity. We found a good fit usimg= 8.66 x 10* Pass, icantly large values of the extension rateThe MSF model
A =18s,n = 0.5, anda = 0.85 shows considerable strain hardening which increases when
The steady shear viscosity predictions of the Doi—-Edwardés increased. This behaviour is absent for the Doi-Edwards
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and Carreau—Yasuda models are displayeBign 2. Surpris- model.
5
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Fig. 3. Transient viscosity of MSF model for various parameter settings. The Doi—-Edwards and Giesekus model are included for comparison. Deformation rz
(s™Y) are indicated in the figures. Start up of: (a) sheawfioe= 0.02 and values af, indicated in the legend and (b) uniaxial elongation for valueg ohdicated
in the legend (g irrelevant).
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Fig. 4. Validation of the numerical technique. Comparison of: (a) new method with the DG metf#jcaafi (b) various discretizations.

6. Validation of the numerical results step smaller tham\t = 1.6 x 10-°s. In combination with the
long time required to reach a periodic steady state, such small
For the validation of the numerical technique and various nutime steps lead to long simulation times for the DG method. The
merical parameters, we use the MSF model for linear polymergew technique, however, remains stable for much larger time
with parameter valuas, = 0.02 andaz = 2.3. Other parameter  steps leading to substantially smaller computation times.
settings, not shown in this section, gave identical results. Second, it needs to be checked whether the discretization in
We first validate our numerical technique described in Sectionysing N = 1520 subintervals is sufficient to capture the steady
4, by comparing with the deformation field method using theperiodic stress response. In order to verify this, we compare
discontinuous Galerkin method to discretise theirection in  with a discretization that has twice as many subintensilss
the equation governing the molecular stress function. This i8040, which implies a smallestsubinterval which is halved,
exactly the same approach as discusse]jrfor the Finger 1., = 4.8 x 10°6s. For both computations, we used a time
tensor. For both techniques we take the sanuscretization  step ofAr = 2.5 x 10~*s. The steady periodic shear stress for
using 15207 subintervalsFig. 4a shows the results of both hothr discretizations is displayed Fig. 4b. On the scale of the
techniques in LAOS withy = 1 Hz andyp = 5 which has the  figure there are no differences between the twliscretizations.

highest achievable shear rate in the experiments. At the scale pfenceforth, we use the smallest number of subintervels;
the plot the methods are indistinguishable. The main differences20, for all simulations with the MSF model.

lies in the time step employed. For the new method we have used A time step ofAr = 2.5 x 10~*siis sufficiently small to cap-
atime step ofir = 2.5 x 10~*swhile forthe DG method atime  ture the steady periodic regime as can be observedfignba.

step ofAr = Ar/6is necessary for reasons of stabi[Ry. Fora  when the time step is halved fir = 1.25x 10~*s, both time

t discretization using 1520 subintervals, the minimum length okteps produce identical results on the scale of the figure. For
a subinterval equal&min = 9.6 x 10~°s. This requires atime  poth simulations, we usedl = 1520 subintervals for the dis-
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(P (TG —

801 100 {

40+
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80t 100 F

aso_ ..
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(b) th)

Fig. 5. Validation of sufficiently small time step (a) and sufficiently larg).



cretization. Henceforth, we uger = 2.5 x 10~* s for all LAOS
simulations.

In Section7, LAOS simulations are performed for a time of
ts = 200 s.Fig. 5b compares shear stresses using 200 and
1000 s for the highest experimentally achievable amplitudes at
a low (v = 0.1 Hz) and a high frequency @: 1 Hz). For both
calculations, we usedr = 2.5 x 10~*s andN = 1520. We
conclude fromFig. 5b that:s = 200 s is sufficiently large to
reach the steady periodic regime. This valueof a rather
conservative choice. The stress maxima only diffd®® from
the steady periodic value after 3 and 15 cyclesifer 0.1 and
1Hz, respectively.

=002 ——

...................

7. Large amplitude oscillatory shear results

The MSF theory uses the strain measure based on the indeig. 7. Steady periodic shear stress at 1 Hz for the MSF model using, =
pendent alignment approximation. In view of the large numbeR-3 and values of; indicated in the legend.
of time steps that have to be performed, it is advantageous to
use the computationally much more efficient Currie approximasure. Henceforth, we use the Currie approximation in all LAOS
tion instead. This is a good approximation in steady and start upimulations.
of shear for the Doi—-Edwards modél]. It is, however, a pri- To accurately determine the parameteof the MSF model
ori not clear how well both strain measures correspond in largér a polymeric fluid, extensional data are required. For the Fina-
amplitude oscillatory shear flows of an MSF fluid. For this wethene melt, however, only shear data are available. Therefore, we
compared the steady periodic shear stress at a lew@1 Hz)  first compare the periodic steady shear response for two realistic
and high frequency (= 1 Hz) for the two highest amplitudes values ofa1. For the first value, we take; = 0.02 (fr%ax = 51)
yo that are experimentally achievable for each frequency. Asis identified in2] for another high-density polyethylene melt.
can be seen frorfiig. 6, the flow curves of the Currie and in- Thelinear polymers consideredi8] have alower2,,. For the
dependent alignment approximation agree very well. Only neasecond value, we takﬁ%ax = 11whichcorrespondstq = 0.1.
the minima and maxima we observe that the Currie approximakig. 7 shows the impact af; on the periodic steady shear re-
tion slightly overpredicts the independent alignment approximasponse forw = 1 Hz at the two highest experimentally achiev-
tion. This is, however, negligible compared to the differencesable amplitudesy = 2.5 and 5. At the scale of the figure, both
between the various model predictions and the experimentgarameter values af; result in identical model predictions. We
data as we discuss shortly. The approximation is equally goodonclude that the only relevant MSF model parameter for large
for the other two frequencies,= 0.3 and 3 Hz, which are not amplitude oscillatory shear flow of linear polymersais and
shown inFig. 6. We conclude fronfrig. 6 that in large ampli- henceforth we use; = 0.02 for all simulations.
tude oscillatory shear simulations of an MSF fluid, the Currie  The LAOS experiments have been performed at various fre-
approximation is a very good approximation to the indepen-quencies and amplitudes. At low valueswoénd yg, the flow
dent alignment approximation of the Doi—Edwards strain meadoes not deviate much from low amplitude oscillatory shear. Itis
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Fig. 6. Comparison of the steady periodic shear stress prediction of the MSF model using the Currie and independent alignment approximation ag@amplitude
indicated in the figures: (a)= 0.1 Hz and (b)v = 1 Hz.
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Fig. 8. Periodic shear stress at moderate shear rates predicted by the viscous and viscoelastic models together with the Finathene data. Frequencies and str
indicated in the figures.

therefore not surprising that all viscoelastic models predict simi106.8 kPa. The Doi—-Edwards model slightly underpredicts the
lar results that do not differ much from the experimental data. Aamplitude, 101.8 kPa. Similar trends are visible at the lower fre-
an example, we display foi = 1 the steady periodic response quencies = 0.1 and 0.3 Hz. Ab = 3 Hz, no data are available

for v = 0.1 and 1 Hz inFig. 8. All viscoelastic models consid- at high enoughy to confirm the counter intuitive result that
ered predict the correct phase shift of the periodic shear stresthe Doi—Edwards model gives better predictions at large strains
The MSF model, for all parameter valuesmfconsidered, also (large shear rates). It is remarkable that at corresponding values
correctly predict the amplitude. The Doi—Edwards model, how-of the shear rate, the steady shear viscosity datignl are

ever, clearly underpredicts the amplitude in the mildly non-lineatbetter predicted by the MSF and Giesekus model than by the
regime. To investigate the impact of viscoelasticity, we also disDoi—-Edwards model which shows a stronger underprediction
play results of an inelastic model possessing only shear-thinningf the shear viscosity at high shear rates. We also observe that
behaviour. This model is only able to predict the correct amplithe LAOS simulations are more sensitive to changes in the pa-
tude and fails to predict the phase shiftiA: 1Hzandyg = 1, rametera, than steady shear flow at corresponding shear rates.
which corresponds to a maximum shear ratg ef 6.3s°1,the  This indicates that large oscillatory shear might be a better flow
inelastic model also significantly overpredicts the amplitude oto determine the non-linear parameters that are important for
the periodic shear stress signal. shearing flows.

At larger values ofyg, differences between the various pa- The Lissajous plot for a frequensy= 1 Hz and all exper-
rameter settings in the MSF model and the Doi—-Edwards modeientally available strain amplitudes are depicted-ig. 10.
become more apparent.fig. 9, we display for each frequency All viscoelastic models predict the deviation from an ellipsoidal
the steady periodic shear stress for the two largest experimentaléhape that is characteristic for the non-linear response at large
achievable values ofy. At the lowest strains, the Doi—-Edwards strains. Quantitative differences are observed at the largest strain
model consistently underpredicts the experimental data, whilgg = 5 for the Giesekus model and the MSF model, particularly
the MSF predictions still show good agreement for all valueswith a; = 2.3 and to a lesser extent with = 4. At this strain,
of ap considered, particularly, = 4. For the largenp (and  predictions of the MSF model withp, = 8 and Doi—-Edwards
thus larger shear rates) the Doi—Edwards predictions are agamodel are in good agreement with the experimental data. At
fairly close to the experimental data. Surprisingly, the resultdower strains, however, some discrepancies are noticeable for
are in better agreement with the experiments than most of théne Doi—Edwards model. For all viscoelastic models, deviations
predictions of the MSF model which has two extra parame-are in accordance with the over and underprediction of the am-
ters to capture the non-linear behavior. The best MSF paranplitude of the periodic shear stress signal as a function of time
eter for the largest strains seems todse= 8. The parameter observed irFig. 9.
valuesa; = 4 and particularlya; = 2.3 overpredict the shear For the first normal stress differendk, no experimental data
response. This is most apparenvat 1 Hz andyp = 5 which  are available. For completeness, we have included the model
has the highest maximum shear rate. We note in passing thptedictions at experimentally achievable strainsifer 1 Hz in
the Giesekus model also overpredicts the experimental signal &tg. 11. The periodiadV, response has a period that is half of
more non-linear flow condition8]. At v = 1Hz andyp =5, the corresponding shear stress signal and has a non-zero av-
the predicted shear stress amplitude is, for example, 117 kRaage. All models predict the same phase shift for all strains
for the Giesekus model, while the largest amplitude that occurand nearly the same minimum value @f. The difference be-
for the MSF model is 113.5kPa far, = 2.3. At this ampli- tween the models lie in the maxima of the amplitudes. Similar
tude and frequency, the amplitude of the experimental signab the periodic shear stress, the Doi—Edwards model predicts
106 kPa is best predicted by = 8 which gives an amplitude of the lowest and the MSF model with smallest valuezgfthe
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Fig. 9. Comparison of MSF model using valuesigfas in the legends and Doi—Edwards model with periodic shear stress data for FinathdB¢ trefttcolumn:
one period; right column: zoom around minimum.

largest amplitude. Different magnitudes of the amplitudes beences between the models continue to grow when the strain is
come already apparent at relatively low straing’ef 1 where  increased. It would be interesting to compare these results with
the shear stress predictions are still very similar, particularly foexperimental data to establish whether the Doi-Edwards model
the various values af, of the MSF model (Fig. 8). The periodic also better predicts the first normal stress difference at high
normal stress, however, can clearly be distinguished and diffestrains.
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Tablel

AmplitudesA,, and B, of the odd harmonics (kPa) fer= 0.1 Hz (Comparison of experimental data and MSF results using various valug3 of

Y0 n A, (kPa) B, (kPa)
Experimental ap =23 a» =4 a =8 Experimental ap =23 ap=4 a» =8
5 1 109 9.07 8.69 8.39 38.8 9.7 3.9 381
3 —2.84 -3.32 -3.25 -3.13 -0.34 —0.598 -0.761 —0.847
5 0.259 0.146 Q199 Q231 —0.534 —0.499 —0.499 —0.487
7 0.027 0.139 Q0159 Q0160 Q116 0.001 0029 Q068
10 1 8.44 7.41 7.14 6.94 55.3 B.7 57.5 564
3 —4.15 —4.92 —4.70 —451 —3.43 -3.75 —3.83 -3.85
5 138 1.48 1.47 1.43 —0.219 —0.505 —0.391 —-0.311
7 —0.295 —0.030 —0.073 —0.096 Q37 0.435 0431 0419

Differences between the model predictions are better quarg is caused by an underprediction of the first harmodigand
tified in the frequency domain than in the time domain. UnderB;. The higher harmonics of the Doi—Edwards model are, how-
more non-linear flow conditions, the higher odd harmonics beever, in good agreement with the experimental data, while the
come more significant. The even harmonics should vanish exsiesekus model predicts the signs of some higher harmonics in-
cept for some numerical noise. For the following computationsgorrectly. It is remarkable that at the larger strait= 10, the
the order of magnitude of the even harmonics was at least 6 odifferences with the experimentdl; and B, are considerably
ders lower than that of the largest odd harmonics. We focus osmaller, resulting in a slightly better agreement with the exper-
the two highest experimentally achievable amplitudes at a lovimental data than the best MSF model at thjsFurthermore,
frequency ofv = 0.1 Hz and a high frequency of= 1 Hz. the higher harmonics of the Doi—-Edwards model are in excel-

We first consider the two highest experimentally achievabldent agreement with the experimental data while the Giesekus
strains at the lowest frequeney= 0.1 Hz. Table 1shows the model shows again much larger deviations and predicts some
Fourier coefficientsd,, and B,, for the MSF model using vari- signs incorrectly.
ous values ofiz. At this low frequency the response in phase Atthe frequency = 0.1 Hz and at the strain valuesTiable
with the shear rate is dominating and becomes more domina, the Carreau—Yasuda model is still able to predict correctly
when the strain is increased. This is correctly predicted by théhe coefficientB,, i.e. the lost work per cycle. The amplitudes
MSF model for all parameter values considered. FurthermoreBs, Bs, andB7, however, are off by a factor 2—10 and these might
the MSF model predicts the signs of all Fourier coefficients corhave the wrong sign. Furthermore, the inelastic model only pre-
rectly. There are only small quantitative differences. At the lowdicts non-zero values for the coefficienBs and is therefore
strainyp = 5, the low harmonics agree best tgr= 4, partic-  incapable to predict the phase shift in the shear stress response.
ularly the dominating amplitud®; which corresponds to the At the frequency = 1 Hz, the response in phase with the
lost work per cycld4]. At the high strainuy; = 8 gives the best  strain is much larger than for the low frequencyvof 0.1 Hz.
agreement for the dominating amplitude. This explains the This is correctly predicted by the MSF model. The deviations
better agreement o = 4 atyp = 5and ofap =8 atjp =10  between the experiments and the MSF results are caused by
in Fig. 9. an overprediction oB;, as can be observed fromable 3. For

The amplitudes of the first four non-zero harmonics for thethe parameter valug, = 2.3, the value ofB; is overpredicted
Doi-Edwards, Carreau—Yasuda, and Giesekus model are taby at least 5% and deviations become larger when the strain
ulated inTable 2. The amplitudes of the Doi-Edwards modelincreases. For larger values @f, the deviations from the ex-
closely follow the MSF results with, = 8, with the exception  perimentally obtained; become smaller. Particularly, = 8
of By which is somewhat lower. Atp = 5, the underprediction agrees well with the experimental data. For some other am-
of the amplitude of the experimental shear stress signigign  plitudes like A3 and B3, however, we then find larger differ-

Table 2
AmplitudesA, andB, of the odd harmonics (kPa) for= 0.1 Hz (Comparison of experimental data, Doi-Edwards, inelastic Carreau—Yasuda model, and Giesekus
model. Data for the Giesekus model are frfgh)

Y0 n A, (kPa) B, (kPa)
Experimental DE CY G Experimental DE CY G
5 1 109 8.06 - 8.19 38.8 5.6 3.3 39.2

3 —2.84 -3.02 - —2.90 -0.34 —0.799 -5.29 —0.163
5 0.259 0.297 - —0.124 —0.534 —0.499 230 —0.704
7 0.027 0.103 - 0.151 0116 0.106 -1.32 —0.062

10 1 8.44 6.70 - 6.51 55.3 31 56.2 59.4
3 —4.15 —4.34 - —4.34 —3.43 -3.71 —7.76 -3.27
5 138 1.42 - 1.20 —0.219 —0.284 3.43 -111
7 —0.295 —0.152 - 0.388 Q37 0.411 -2.01 0.419




Table 3

AmplitudesA,, and B, of the odd harmonics (kPa) for=: 1Hz (Comparisorof experimentatiata and MSF results using various values0j a

Y0 n A, (kPa) B, (kPa)
Experimental ap =23 a» =4 a» =8 Experimental a» =23 ap=4 a =8
2.5 1 38.0 38.6 37.0 35.6 74.6 79.2 7.7 75.7
3 —2.92 —4.09 —4.38 —4.44 2.40 1.53 1.26 0.977
5 —-0.04 —0.458 —0.550 —0.576 —0.512 —0.082 —-0.178 —0.346
7 0.098 0.100 0.128 0.161 0.296 —0.083 —0.073 —0.029
5 1 33.1 345 33.0 31.9 108 117 114 111
3 —9.66 —-12.4 -12.1 -11.7 -1.23 —-1.79 —-2.43 —-2.75
5 0.817 0.467 0.670 0.785 —1.62 —-1.84 —-1.83 -1.77
7 0.075 0.519 0.595 0.599 0.412 —0.008 0.095 0.238

ences with the experiments. These amplitudes are off by at leasbn-linear regime, the purely viscous model is not capable to

predict any of the amplitudes correctly. AlsB; is now over-
Table 4 shows the corresponding results for the Doi—predicted considerably. The Doi—-Edwards model underpredicts

Edwards, Giesekus, and Carreau-Yasuda model. In this mobm®th A; and By at the lower straing = 2.5. For this strain,
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Table4

AmplitudesA,, and B, of the odd harmonics (kPa) fer= 1 Hz (Comparison of experimental data, Doi—-Edwards, inelastic Carreau—Yasuda model, and Giesekus

model. Data for the Giesekus model are frfgh)

Y0 n A, (kPa) B, (kPa)
Experimental DE CY G Experimental DE CY G
25 1 380 A1 - B.2 74.6 71.6 89.5 77.8
3 —2.92 —4.52 - —3.45 2.40 1.14 —126 231
5 —0.04 -0.274 - —0.474 —0.512 —0.538 5.65 —0.227
7 0.098 0.063 - —0.008 0296 —0.025 -3.35 —0.059
5 1 331 30.7 - ».1 108 106 127 119
3 —9.66 -11.2 - -10.2 -1.23 —2.46 —18.0 -0.211
5 0.817 0.996 - —0.492 —1.62 —-1.85 8.11 —2.42
7 0.075 0.391 - 0.492 0412 0.385 483 —0.242

the amplitudes of the low harmonics are better predicted by th8. Concluding remarks
Giesekus and MSF model. The higher harmonics, which arise
due to non-linear effects, are again much better predicted by We have evaluated the rheometrical response of the integral
the Doi—Edwards than by the Giesekus model. For the moreolecular stress function model in large amplitude oscillatory
non-linear regime at the higher strain, the Doi—-Edwards modethear. For reasons of efficiency, we modified the deformation
does not only show better agreement with experimental data fdield method to avoid the restrictive time step constraint result-
the higher harmonics. Also, the dominating teBn is much  ing from the discontinuous Galerkin method useddh The
better predicted than the Giesekus model does. This confirnreew technique is both accurate and efficient for the LAOS com-
the counter intuitive result found for the lower frequency of putations we performed.
v = 0.1 Hz that the Doi—Edwards model, which has no non- In LAOS, the MSF model only has one relevant material
linear parameters and underpredicts the steady shear viscositigarameter to describe the non-linear material response. By fit-
at high rates, is more accurate in the more non-linear regimesting this parameter to steady shear data of a linear high-density
Fig. 12shows the model predictions of the MSF and Doi—polyethylene melt, the MSF model is able to predict qualita-
Edwards model outside the experimental window. To comparévely and quantitatively the response in large amplitude oscil-
the model predictions with a macroscopic stress model, resultatory shear. Up to medium strains, results agree very well with
for the Giesekus model have been included as well. All modelgxperimental data and are comparable with those of a six-mode
predict the same trends at large strains, for example, the san@&esekus fluid, having six parameters to describe the non-linear
sign is predicted for all Fourier coefficiens, andA,, at large  material response. At medium strains, the non-linear response
strains. The dominating amplitudeRg, while the magnitude of becomes important. As expected, the introduction of the molec-
A1 decreases atlarge strains and reaches a plateau. For the highkar stress function results in better predictions than the basic
harmonics, all amplitudes, in phase with the shear seem to Doi—-Edwards theory which has no material parameters to de-
reach a higher magnitude at large strains than the correspondisgribe the non-linear response. Although correctly predicting
amplitudesA,, that are in phase with the strain. The Fourierthe phase shift, the DE model underpredicts the amplitude of
coefficient B, seems to continue to increase in magnitude forthe experimental signal. This is caused by an underprediction of
a much longer range of strains than the correspondipg the amplitude of the most dominant odd harmonics.
which reaches a plateau value. For the two lowest harmonics, At the highest experimentally achievable strains, both the
the plateau is reached at medium strains of 10. For the highdSF and Giesekus model overpredict the amplitude of the pe-
harmonics much higher strains are necessary. Quantitativelyiodic shear stress, although this is more significant for the
however, there are differences between the models. Onlfor  Giesekus model. Atthese strains, however, itis the Doi—-Edwards
all models predict the same values. For all other Fourier coeffimodel that shows excellent agreement with the experimental
cients, the Doi—Edwards model predicts the lowest magnitudeslata. In the time domain it only slightly underpredicts the am-
At large strains, the amplitudes are considerably lower thaplitude of the periodic shear stress. In the frequency domain the
those of the MSF model with, = 8. For the MSF model, the correspondence of both the dominant harmonic and the higher
magnitudes of the odd harmonics increase when the parametedd harmonics is striking. We recall that the DE model does not
ay is decreased. The magnitudes predicted by the MSF modélave any non-linear parameters and underpredicts the steady
with a; = 2.3 are, however, still considerably lower than thoseshear stress at high shear rates. This is a remarkable and un-
predicted by the Giesekus model. Particularly for the dominangxpected result indeed. Whether this trend continues at higher
amplitudeB; the molecular models predict significantly lower strains remains to be established. Since the Doi—-Edwards model
magnitudes at large strains. This is consistent with the smallds well known to underpredict experimental data in start up of
time overshoots for these models in the transient shear viscosighear and steady shear flows, this also raises the question whether
in Fig. 3a. Whether the trends at large strains are correct antie experimental data are somewhat inaccurate at high strains.
whether the Doi—Edwards predictions are still more accurat&urther experimental results are clearly needed to confirm our
than those of the non-linear models remains to be establishedcounter intuitive findings at high strains.
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