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1 Introduction 

1.1 Context of this study 

Although polymers are nowadays widely used, their rheological behavior and, consequently, 
the industrial processes involved (such as injection moulding or film blowing) are not yet un
derstood in sufficient detail to predict e.g. the resulting product properties in dependence of 
the materials selected and process conditions chosen. This is related to the nature of polymer 
processing operations, that are always non-isothermal, essentially 3-dimensional, and exhibit 
areas with combined shear and elongational flow at high strains and high strain rates where 
the materials show a highly nonlinear viscoelastic behavior. This thesis is a contribution to 
the modeling and characterization of this complex rheological behavior. 
Understanding of the industrial processes involved, can result in improving properties of end 
products, and can, on its tum, benefit from simulations based on (numerical) modeling. The 
nonlinear material behavior complicates this. However, in the last decade substantial progress 
has been made in this area via the development of more robust and reliable numerical schemes 
(Brown and McKinley [27]) for isothermal planar flows. Extensions to non-isothermal and 
3-dimensional viscoelastic simulations are in progress (Baloch et al. [13], Bogaerds [22], 
Peters and Baaijens [123]). 
Provided that numerical simulations can be performed, the next important issue is the proper 
choice of a constitutive equation to describe the rheological behavior, since this largely in
fluences the outcomes of the calculations. Many constitutive equations have been proposed 
during the last decades, but none of them has been proven to be superior to others ( Larson 
[85], [83]). Related to this problem is the limited number of available experimental data to 
test and/or fit the constitutive equations. Mostly, only linear viscoelastic and simple shear ex
periments have been performed, although elongational behavior mostly plays a decisive role 
in process behavior (see e.g. White et al. [152]). However, in contrast to shear, shear-free 
experiments are difficult to perform, especially for low viscous materials (Hudson and Jones 
[67], Walters [147], Zahorski [157]), and the experiments show in-homogeneous flows, are 
time-dependent in a Lagrange sense, and often a steady state can not be achieved. Moreover, 
even if both viscometric shear and elongational functions are available, it is questionable 
whether the material behavior is captured well in flows with a combination of shear and elon
gation (Armstrong et al. [6]), i.e. complex flows, since the flows mentioned can pe considered 
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as two limiting cases only. 
Combined numerical/experimental studies of complex flows can be used to evaluate differ
ent constitutive equations concerning their adequacy to describe the viscoelastic behavior of 
polymer solutions and melts. Residues between measurements and predictions may serve 
to optimize model parameters or for adaption or even complete rejection of a model. This 
approach is schematically shown in Figure 1.1. 

iter 

+ 
FEM - constitutive i.g. viscometric 

.....-- ~ 
~ 

equation - flow 

" '" - parameter estimation '' - model adaption 

" ~ -
' 

I 

~ experiments - complex - material 
~ flows ~ 

Figure 1.1: Schematic of combined experimental/numerical study on complex flows to evaluate con
stitutive equations. Residues between experimental and numerical field data are used to 
optimize model parameters and/or adapt/reject a model. 

A similar approach is followed for material characterization of non-homogeneous, anisotropic 
solids (see e.g. Meeuwissen (108], Meurs (111], Oomens et al. [119]). In these studies, the 
emphasize was laid on the development of a parameter estimation method. And, therefore, 
the method was focused on optimizing the parameter values of the chosen constitutive equa
tions, rather than evaluating the models themselves. 
A key factor in the approach proposed, is that field information is used rather than macro
scopic, integrated quantities, as the latter may not reflect the local material behavior. Global 
parameters which were used in some early studies on complex flows, such as 'vortex size', 
pressure drop (for the contraction flow problem) and 'friction coefficient' (for the falling 
sphere in a tube), are not sufficient. The restriction to global parameters was mainly due to 
the lack of advanced experimental techniques at that time. The present availability of non
invasive optical techniques for measuring velocities (e.g. LDA, laser Doppler anemometry) 
and stresses (FIB, flow induced birefringence) in a flow field, makes local, quantitative com
parison with computations possible. A nice example is the optical measurement of the full 
30 transient stress tensor by Kalogrianitis and van Egmond [75]. However, this technique 
works only for homogeneous flows (simple shear in their case). 
The development of constitutive equations and numerical tools to simulate complex flows 
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lacks behind the experimental developments. The first comparisons with experiments were 
made by using (upper convected) Maxwell and Oldroyd-B models, which capture the time
dependent, but not the full non-linear behavior of polymer fluids. To overcome this difficulty, 
the so-called 'Boger' -fluids were developed, which have a constant shear viscosity, similar 
to the aforementioned models. As argued by White et al. [152], these fluids may not re
flect the viscoelastic behavior of polymer melts. With the development of new, more realistic 
constitutive models during the last decade (see e.g. Larson [85]), further investigation on 
'Boger' -fluids seems to be unnecessary and, therefore, they will not be considered in this 
thesis. In the next section a short review will be given on, mostly recent, studies that compare 
experimental field data (velocities and/or stresses) to computations of complex flows. 

1.2 Complex flows 

Combined numerical/experimental studies have been performed on several complex flow ge
ometries in the past. The axi-symmetric and planar abrupt contraction flow are the most 
extensively studied geometries. Reviews can be found in Boger et al. [24], and White et al. 
[152]. Contraction flows are popular for the deceptively simple geometries involved, whereas 
they still contain most basic features involved in polymer processing. For computations, these 
geometries are difficult nevertheless, as a consequence of the high stress gradients near the 
singularities at the entry comers. A flow that does not suffer from this problem is the falling 
sphere in a tube. From a numerical point of view it has received much attention as it is used, 
in combination with the upper convected Maxwell model, as a benchmark problem to test dif
ferent numerical schemes (Hassager [64]). Lately, the two dimensional analogue, the planar 
flow around a cylinder has gained attention (Baaijens et al. [12], Hartt and Baird [63]), espe
cially since it has been proposed as a benchmark problem at the 'Cape Cod' meeting in 1993 
[27]. Compared to contraction flows, the total extension and extension rates are expected to 
be higher, as the material starts from rest at the stagnation point at the rear of the cylinder. 
Further, the deformation history along the centerline is essentially different since a material 
element is subsequently compressed, upstream of the cylinder, sheared along the cylinder's 
surface, and stretched in the wake of the cylinder. 
Other geometries in which experiments have been compared to numerical predictions are the 
flow between two eccentric rotating cylinders (Rajagopalan et al. [129]), the planar flow in a 
wavy walled channel (Davidson et al. [34], [35]), and the axi-symmetric flow around a piston 
(Li and Burghardt [91]). 

Studies on polymer solutions, mostly used streakline photography or laser Doppler anemom
etry (LDA) to measure the velocity field. Sometimes also stresses are recorded. Due to the 
very low birefringence of polymer solutions, special measuring techniques are required for 
this, such as the Rheo Optical Analyzer (ROA), developed by Fuller and Mikkelsen [52]. 
The studies of Baaijens [11], Davidson et al. [35], Quinzani [128] on solutions have clearly 
demonstrated the power of combined spatially resolved velocity and stress measurements; 
local flow parameters could be compared in a quantitative way. For the interpretation of 
birefringence results in terms of stresses, a nominally two-dimensional flow is required. Li 
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and Burghardt [91] have shown that this method also can be used in axi-symmetric flows in 
a quantitative manner. In their case, the birefringence results were compared to computed 
stresses, whic;:h were integrated along the light-beam path. A drawback of this approach is 
that the resulting measurements are not coupled in a unique way to the local stresses in the 
flow. 
In the studies on polymer melts, the most used experimental techniques are streakline pho
tography and fieldwise birefringence to measure, respectively, velocity and stress fields in 
stationary flows. The fieldwise birefringence technique is easy to use, but less accurate than 
the pointwise method since it only gives discrete values. As was shown by Han and Drexler 
[60], [61], when isochromatics and isoclinics are combined, the separate contribution from 
shear stress and first normal stress difference can be reconstructed, but this is a rather tedious 
procedure. Sometimes, more accurate techniques are used, such as LDA (de Bie et al. [36], 
Mackley and Moore [96]), and pointwise birefringence for local stresses (de Bie et al. [36], 
Galante [53]). Both techniques, however, are very sensitive to temperature gradients in the 
flow, which are often inevitable for these high viscosity fluids. Moreover, when the birefrin
gence (gradient) in the flow is high, the accuracy of the measurements is lost. 

The comparison with predictions of numerical simulations is done in two ways. The sim
plest is integration of the constitutive equations along a particle path were the kinematics are 
known (decoupled method). This method was, for instance, applied by Aldhouse et al. [4] 
and Armstrong et al. [6] along the centerline of a contraction flow. In the last years, more 
full field analyses were performed via finite element simulations. As was shown by Baaijens 
et al. [12], the results between the two approaches can differ slightly due to the decoupling 
of kinematics and stresses and, therefore, the coupled method is preferred. 
From the large number of available nonlinear viscoelastic constitutive equations (see e.g. 
Larson [85]), relatively few are evaluated in complex flows. From the integral type of models, 
the K-BKZ (Kaye-Bernstein, Kearsley and Zapas) model with PSM (Papanastasiou, Scriven 
and Macosko) damping function has received most attention [121]. Its popularity can be 
attributed to the possibility of controlling the shear and elongational behavior with different 
parameters. Of the differential type models, the PTT (Phan-Thien Tanner [ 124]) and Giesekus 
model [57] are most applied. The Giesekus model has only one parameter that controls non
linearity, whereas the PTT model has two. The latter has the ability to fit, to some extent, the 
shear and elongational properties independently. It gives, however, spurious oscillations dur
ing start-up of shear flow. Therefore, the constitutive models are still liable to improvement. 
Only a few studies have evaluated more than one constitutive equation. Armstrong et al. [6] 
evaluated six different models for a contraction flow of a polyisobutylene solution, and found 
the PTT model to be closest to the measured stresses along the centerline of a contraction 
flow. Baaijens showed good to excellent agreement between measured velocities and stresses 
and predictions of both PTT and Giesekus models for a similar solution in a flow around a 
cylinder. De Bie et al. [36], found that the agreement for stress measurements of PIB, LDPE, 
and HDPE melts in a converging channel was better for a PTT and Giesekus model than for a 
Leonov model. Four mode versions proved to be superior to one mode, which was also found 
by Rajagopalan et al. [129] for a Giesekus model. For different types of flow Baaijens [11] 
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and Kajiwara et al. [74] found their computational results to be only weakly sensitive to the 
constitutive equations used (PTT and Giesekus). 

1.3 Scope of this study 

The choice of a particular complex flow for a combined experimental and numerical inves
tigation can be based on a number of characteristics: 1) accessibility for experimental tools; 
2) maximum strain rate; 3) maximum strain; 4) interplay between shear and elongation; 5) 
numerical convenience; 6) available data in literature. 
The emphasize of this study is on complex flows of a polymer melt. The melt is investigated 
in three different geometries, each with its own characteristics: the abrupt contraction, the 
flow around a cylinder and a stagnation flow. With respect to the first criterium, the geome
tries investigated are chosen nominally two dimensional, for quantitative comparison of pla
nar viscoelastic simulations with measurements. The contraction flow is the most extensively 
studied geometry in rheology, and is used for comparison of our findings with literature. A 
drawback of this flow is the large stress gradients near the entry comers, which causes con
verging problems in numerical simulations. The planar flow around the cylinder does not 
suffer from this disadvantage. In this flow, the interplay between shear and elongational flow 
can be investigated by following fluid elements close to the centerline. Although the flow 
fields in these two geometries is influenced by the elongational properties of the fluid, it is 
still questionable whether the strain will be large enough to distinguish between different 
constitutive equations. In the third flow, fluid elements will (theoretically) have an infinite 
residence time in the stagnation point. Consequently, they will be stretched to a much higher 
strains compared to the other two flow configurations. The interplay between shear and elon
gation, however, is lost in that point. Stagnation flows have received considerable attention 
in literature, but not in a detailed experimental/ numerical way. 
Furthermore, the complex flow of a polymer solution is investigated by using a stagnation 
flow with a principal 3D character. The in- and out-stream section are rectangular, but due to 
the low aspect-ratio, 3 dimensional effects have to be taken into account. This pilot study is 
regarded as a first step towards the evaluation of constitutive behavior of polymers in arbitrary 
flow channels. 
In order to obtain quantitative results of flow field data, flow induced birefringence techniques 
are applied for determination of the stress field. A field wise technique is used for the investi
gation of the melt and a spatially resolved technique for the solution. The techniques require 
nominally 2-dimensional flows, since the measurements are the integral result along the light
beam path. In case of the polymer melt, the influence of the confining front and back wall 
is numerically investigated. For the polymer solution the 3-dimensional field is accounted 
for, following the approach of Li and Burghardt [91]. The velocity fields are investigated by 
using LDA and particle tracking velocimetry (PTV) for solution and melt, respectively. 
Experimental results are compared with numerical simulations. For the nominally two
dimensional flows of the polymer melt, viscoelastic calculations are performed with a finite 
element method. In case of the stagnation flow of polymer solutions, where 3-dimensional 
effects can not be neglected, the calculation of velocity and stress field is decoupled. The 3-
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dimensional velocity field is calculated with a viscous model using a finite element method. 
The stresses are determined, using viscoelastic models with streamline integration where the 
kinematics are taken from the viscous calculations. Two widely used constitutive differential 
models are evaluated: the PTT and Giesekus model. The decoupled procedure is, success
fully, checked with a full 3-D viscoelastic calculation. Finally, a new class of models is 
developed and evaluated. Similar to the generalized Leonov model, the prediction of steady 
shear viscosity is always excellent, but this class of models still contains an additional param
eter to control the elongational properties, while the models do not show spurious oscillations 
during start-up of shear flow as found for the PTT model. 

1.4 Outline of the thesis 

In the next chapter, a review will be given on combined experimental and numerical studies 
on the geometries studied in this thesis. Chapter 3 discusses differential constitutive models 
to describe the nonlinear viscoelastic behavior of polymer melts and solutions. The Giesekus 
and Phan-Thien Tanner model are treated more extensively, since they are selected to be 
evaluated in the complex flows used. A new class of differential models is introduced, which 
contains the flexibility of (almost) independently control the shear and elongational behavior. 
The experimental tools used to obtain local velocity and stress information in complex flows, 
are discussed in Chapter 4. Stress measurements, using flow induced birefringence, are 
mostly restricted to two dimensional flows. It is outlined, how the results should be inter
preted in case of 3-dimensional flow fields (as in any practical flow). 
Material characterization of the materials investigated, is presented in Chapter 5, together 
with the parameter fits of the constitutive models. 
The shear-thinning polymer solution, polyisobutylene dissolved in tetradecane (Pib/Cl4), is 
investigated in a cross-slot device (Chapter 6). Three-dimensional effects could not be ig
nored, and experimental results are compared with 3-D simulations in which the velocity and 
stress calculations are decoupled. 
The results of the complex flows of the polymer melt, a low density polyethylene (LDPE), 
are presented in Chapter 7. Since the geometries are nominally 2-D, the results are compared 
with 2-D fully viscoelastic simulations of the Giesekus and Phan-Thien Tanner model. The 
new class of models are not incorporated (yet) in the numerical code and are, therefore, only 
evaluated by using streamline integration. 
Finally, in Chapter 8, the most important conclusions are summarized and recommendations 
for further research are given. 



2 Literature Survey 

2.1 Introduction 

In this chapter a survey is given of earlier studies that examine similar geometries like those 
studied in this thesis: i.e. the abrupt contraction flow, the flow around a cylinder and the 
stagnation flow. Since the number of studies is overwhelming, the survey is mainly restricted 
to those that compare experimental results with numerical predictions. As indicated in the 
introduction, studies on 'Boger' -fluids will be left out of the survey, since they may not re
flect the rheological behavior of polymer melts and solutions. Moreover, most studies on 
'Boger'-fluids report instabilities (Hudson and Jones [67], Genieser [55], McKinley [106], 
[ 107]), which is not favorable, given the scope of the present study. Therefore, only studies 
performed on non-dilute shear-thinning solutions and polymer melts will be reviewed. 
In order to compare different studies, the following characteristics are examined: A) geomet
rical dimensions; B) rheological characterization; C) Deborah number. 

A A comparison of the different geometrical dimensions used, not only allows for a study 
on the influence of, for instance, the contraction ratio, but are also important to estimate 
whether the experimental data obtained might suffer from three-dimensional artifacts, 
whereas computations are without exception only two-dimensional. The velocity field 
can be effected by the possible 3D effects, but, more important, also the stress measure
ments. In general it is assumed that effects are negligible when the aspect-ratio of the 
geometry exceeds 10. Important is that, for a proper comparison between experiments 
and 2D computations, this criterium should also be fulfilled in e.g. the upstream part 
of the flow. 

B The outcomes of the numerical simulations largely depend on the constitutive equation 
chosen and on its parameters. Therefore, besides the chosen constitutive equations, it 
is also importance to know what experimental data have been used to fit the parameters 
that control nonlinearities in the constitutive equations. 

C For a characterization of the investigated flows and flow conditions, dimensionless 
numbers are used, mostly the Deborah or Weissenberg number. The De-number is 
defined as: 

Ac 
De=

T 
(2.1) 

where Ac is a characteristic time of the material and T a characteristic time of the 
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deformation process. The definition of the Weissenberg number is: 

We= Aci'c (2.2) 

with, 1c a characteristic shear rate of the deformation process. For steady state, fully 
developed flows, the Deborah and Weissenberg number are similar. However, in gen
eral, the numbers contain different information: De indicates when memory effects 
are becoming important and We indicates the importance of non-linearities (Quinzani 
[128]). 
Further, Ac can be defined in a number of ways. From a numerical point of view, of
ten an weighted averaged relaxation time is taken following from linear viscoelasticity. 
Experimentalists, on the other hand, often use We, in which Ac depends on the charac
teristic shear rate in the flow: 

(2.3) 

As indicated by Boger et al. [24], this non-unique definition of Ac may result in a lack 
of quantitative agreement between experiments and numerical simulations. He also 
argued that the definition of Ac by Equation 2.3 is rather poor, since the We number 
possesses an asymptotic value at high flow-rates, where elongational properties still 
might be increasing. Using a constant Ac to determine the We number, does not suffer 
from this artifact, and in this case the We-number increases linearly with flow rate. 
In order to avoid these problems, here two definitions of the De-number will be used. 
One that reflects the importance of elastic forces in the numerical simulations, and 
the other that represents a measure for the elastic forces in the experiments. They are 
indicated with respectively Den and Dee. 
In Dee, Ace is taken as an averaged relaxation time following from the limits of linear 
viscoelastic relations (see for instance Macosko [97], page 126): 

' 1· '!/J1 1· G' 
Ace = Im - = Im G" 

-r~o 2T] w~O w 
(2.4) 

where '!jJ1 is the first normal stress coefficient, T/ the shear viscosity, w the frequency, 
and G' and G" the storage and loss modulus, respectively. It should be mentioned 
that most of the Aw given in the sequel, are estimated from literature figures of the 
measured shear material functions (which are usually given on a log scale) and are, 
therefore, not very accurate. Preferably, Ace is estimated from steady shear data. If no 
steady shear is given, or no data are available in the linear regime, than the relaxation 
time is determined from dynamic measurements. 
For Den, Acn is taken as the viscosity averaged relaxation time of the Maxwell modes 
used: 

(2.5) 
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in which i is the index for the separate Maxwell modes. In comparisons both definitions 
of the relaxation time should be equal, and, consequently, when the two corresponding 
dimensionless numbers Dee and Den are different, the simulations do not correspond 
to the experiments. 
The characteristic time of the deformation process T, depends on the geometry inves
tigated and will be given in the corresponding sections. 

2.2 Planar Contraction Flow 

Contraction flows, both axi-symmetric and planar, have received more attention than any 
other complex flow geometry in rheology. This is because the geometry involved is simple, 
but still contains some important elements associated with understanding polymer processing 
behavior. Far up- and downstream of the contraction we find regions of simple shear, along 
the centerline pure extensional deformation is found in the contraction region, and near the 
entry comers a mixture of shear and elongation exists. Some studies use the entry pressure 
drop to estimate the elongational properties of the investigated fluid (Laun and Schuch [88], 
Mackay and Astarita [94], Macosko [97]). Other focus on the explanation of vortex growth, 
as can be found in the reviews of Boger et al. [24] and White et al. [152]. Further, this 
flow was chosen as a benchmark problem for evaluating numerical methods and constitutive 
equations by comparison numerical predictions with experimentally determined velocities 
and stresses. Here, a comprehensive review of the latter studies is given, limited to the abrupt 
contraction geometry. Related studies have been performed on contractions with a rounded 
salient comer (Mackley et al. [4], [96], [30]), and tapered dies (de Bie et al. [36], Kajiwara 
et al. [74]). 

H h 

Figure 2.1: Schematic of the planar abrupt contraction flow. H: upstream channel height, h: down
stream channel height, D: (not shown here) depth of the channel. 

A schematic of the flow geometry is shown in Figure 2.1. With T = ~ < u >, the Deborah
number is defined as: 

D 
Ac< u > 

e = 1 
2h 

(2.6) 

where < u > is the downstream mean velocity, h is the downstream channel height and Ac 
the characteristic relaxation time of the fluid as defined in Equations 2.4 or 2.5. Details of 
experiments with polymer melts and numerical simulations are listed in Tables 2.1 and 2.2 
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Reference Dimensions [mm] Material Exp. Meth. Dee 
Han [60],[61],[62] h = 0.2, If = 12.8, ~ = 0.8 PP,HDPE,PS SP, FIB-f -

White [150] [151] h = 2.54, If = 4, ~ = 2.5 LDPE,PS SP, FIB-f 28 

h = 2.54, If = 8, ~ = 1.25 

Beaufils [ 17] h = 2.5, If = 8, ~ = 0.8 LLD PE FIB-f 80 

Galante [53] h = 1.27, If = 4, ~ = 11.3 PDMS FIB-p 1.05 

Kramer [79] h = 2, * = 10, ~ = 1 LDPE LDA,PTV 2465 

Ahmed [2], [3] h = 2.3, If = 3.5, ~ = 1 HDPE,LDPE FIB-f, LDA 388 

Table 2.1: Experimental details of combined numerical/experimental studies of planar abrupt con
traction flows. Dimensions: h= downstream channel height, H= upstream channel 
height, D;; depth of the channel. Material: PP= polypropylene, HDPE= high den
sity polyethylene, PS= polystyrene, (L)LDPE= (linear) low density polyethylene, PDMS= 
poly(dimethylsiloxane). Experimental method: SP= streakline photography, FIB-f= 
fieldwise flow induced birefringence, FIB-p= pointwise flow induced birefringence, LDA= 
laser Doppler anemometry, PTV= particle tracking velocimetry. Deborah-number: Dee= 
maximum experimental Deborah number (calculated with Equation 2.6 and Ace' Equation 
2.4). 

respectively. Most studies apply the flow field birefringence technique for measuring stresses. 
Only in one study (Galante [53]) a spatially resolved technique is used for a low birefringent 
PDMS melt at room temperature. For the measurement of the flow field, both laser Doppler 
anemometry and streakline photography are popular. In the study of Kramer, besides LDA 
also a particle tracking method is applied, from which directly velocity gradients and stretch 
ratios are determined, albeit not accurate, according to Feigl and Ottinger [45]. 
The study of Han and Drexler [60], [61], [62], can be called "classical", since they were 
the first to measure both velocities (from streakline photography) and stresses (from bire
fringence patterns). The isochromatic patterns are separated into the individual contributions 
from the shear stress and the first normal stress difference. A lack of computational tools at 
that time prevented a comparison with modeling based on viscoelastic constitutive equations. 
Other studies mostly use a finite element method for numerical simulations. Only Galante 
[53] makes a comparison with an analytical solution of a second order fluid. Both differential 
and integral type models are used. Typically, one mode versions are used for the differential 
models and multi-mode (8 or even 14) for the integral models. 
None of the studies mentioned, test the outcomes of their simulations varying the constitutive 
equations. Only Kiriakidis et al. [77] and Maders et al. [100], independently, simulate the 
experiments of Beaufils et al. [17]. Maders, uses a I-mode White-Metzner model, in which 
both viscosity and relaxation time are modeled with a power-law function, and finds that the 
predicted stresses along the centerline show a slower decay than in the experiments. He as
cribed this to the high relaxation time in the model at low extension rates. Kiriakidis et al. 
found the opposite effect for a multi-mode K-BKZ model (notice the large difference in the 
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De-numbers for these two studies that use the same experiments to compare with). Adjusting 
the uniaxial elongational behavior does not alter the results. Similar results are reported in 
other studies (e.g. Ahmed and Mackley [3]). 

Reference Material Constitutive Material Comp. Den 
Equation Char. Method 

Ahmed [2], [3] HDPE,LDPE Wagner(8) G(t, 'Yo) FEM 480 

White [150], [151] PS,LDPE PTTa(l) TJ, Ni, rft FEM 46 

Galante [53] PDMS SOF(l) TJ, N1 AS 1.05 

Feigl [45] 1 LDPE RS(14) TJ, N1, r{/; FEM 18340 

Maders [100] 2 LLD PE WM(l) ry,N1 FEM 7 

Kiriakidis [77] 2 LLD PE KBKZ-PSM(8) TJ, N1 FEM 173 

Table 2.2: Numerical details of combined numerical/experimental studies of planar contraction flow. 
Material: see Table 2.1. Constitutive equation: KBKZ-PSM= Kaye-Bernstein, Kearsley 
and Zapas model with the Papanastasiou, Scriven and Macosko damping function, PTia= 
Phan-Thien Tanner model (exponential form), SOF= second order fluid, WM= White
Metzner model, RS= Rivlin-Sawyer model, in between brackets is the number of modes 
given. Material characterization: G(t, 'Yo)= stress relaxation modulus, 17= steady shear 
viscosity, N1 = steady first normal stress difference, 17;t= transient uniaxial elongational 
viscosity. Computational method: FEM= Finite Element Method, AS= analytical solu
tion. Deborah-number: Den= maximum numerical Deborah number (calculated with 
Equation 2.6 and Acn• Equation 2.5). 

Most studies investigate different melts, which show profound differences in behavior. White 
et al. [152] find that the presence (for LDPE) or absence (for PS) of vortices mainly depends 
on the ratio of the extensional stresses along the die centerline and the shear stress measured 
downstream at the wall. In a accompanying paper ([ 150]), this is supported in a qualitative 
way by numerical simulations with a 1-mode PTT model. In correspondence to White et 
al., Ahmed et al. [2] finds recirculation zones for an LDPE melt, but not for HDPE. An 8-
mode Wagner model, with only a single damping function, gives reasonable predictions of 
the stress along the centerline for one HDPE, but severely under-predicts the centerline stress 
of the LDPE melt and another HDPE. The parameter in the damping function can be altered 
to give better agreement along the centerline, but cocommitently the prediction for the visco
metric shear functions gets poorer. 
The range of maximum Deborah numbers is large, from unity (Galante [53]) up to the unre
alistically number of almost 2500 by Kramer [79]. At these high De-numbers it is expected 
that viscous heating or flow instabilities will become important, but none of this is observed 

1Experimental data from Kramer [79]. 
2Experimental data from Beaufils et al. [17]. 
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by Kramer. 

2.2.1 Discussion 

Flow dimensions 

Several authors argue that differences between experiments and simulations originate from 
the three-dimensional nature of the experiments (Ahmed et al. [3], Feigl and Ottinger [45]). 
Most authors cite the study of Wales [146], who empirically found the effects of confining 
walls to be negligible for an aspect ratio exceeding 10, for a fully developed shear flow. 
They use this ratio, however, for the downstream flow section only, whereas also quantita
tive comparisons are made upstream of the contraction. When looking at the depth to height 
ratios of the upstream channel, which is around unity (Table 2.1), it is obvious that most 
studies suffer from three-dimensional artifacts. Only the upstream channel of Galante has a 
ratio higher than 10. With three-dimensional viscous simulations, Ahmed showed that for 
his geometry the maximum velocity along the centerline deviates up to a factor 1.4 from 
the two-dimensional case. Surprisingly, this does not seem to effect the birefringence mea
surements to a large extent, as they report considerably good agreement with computations 
along the centerline for one grade HDPE. The full field birefringence patterns, however, are 
qualitatively different and they do not report how end-effects influence the birefringence mea
surements. 

Constitutive equation 

White et al. [152] show that fluid elongational properties rather than shear induced elastic 
forces are important for the existence of vortices. Correspondingly, an appropriate model 
should be chosen that can describe these properties (in their case the PTT model). Similar 
arguments can be put forward for the agreement between experiments and numerical simula
tions along the centerline. In case of materials that show no extension thickening, such as PS, 
LLDPE and HDPE, in general a good agreement is found with models that are only fitted on 
shear measurements (e.g. Ahmed et al. [2], [3]). For materials that are extensional thicken
ing (e.g. LDPE), the agreement between predictions and experiments is less satisfying (e.g. 
Ahmed et al. [3]). Only Feigl and Ottinger [45] and White et al. [152] use also elongational 
data, besides shear data, to fit the constitutive model. White et al. find only qualitative agree
ment, due to the single mode version. Feigl and Ottinger compare only the velocities and find 
good agreement. 
None of the studies test more than one constitutive equation. 

Deborah number 

The range of Deborah numbers in the experimental studies is large: from 1 (Galante [53]) 
to 2465 (Kramer [79]). Comparing these experimental Dee numbers to the Den numbers 
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following from the numerical studies a large discrepancy is found in some cases. In the 
studies where 8-mode versions of the constitutive models are used, both Deborah numbers 
are close to each other. The maximum deviation is around 2, which may be ascribed to our 
estimation of Dee from figures in the papers. White and Baird [151], who uses a 1-mode 
PTT model, are also in that range, but the computations done by Maders et al. ([100]) with 
a 1-mode White-Metzner model are a factor 10 lower than the corresponding experiment. 
The opposite effect is found for the numerical study of Feigl and Ottinger ([ 45]), where 14-
modes are used, and the computed De-number is a factor 10 higher. The highest computed 
De-number is 18340, which is incredibly high. Unfortunately, only results of the velocities 
are reported whereas it would be interesting to know what the resulting stress patterns are. 
Comparison of different studies based on the De-number can be rather misleading, since De 
is linearly correlated to the downstream shear-rate. As mentioned before, the viscoelastic 
behavior in entry flows depends more on the extensional behavior rather than shear behavior. 

2.3 Planar Viscoelastic Flow around cylinders 

The planar flow around a cylinder has been proposed as a benchmark problem for numerical 
techniques (Hassager [64]), but it has received only limited attention so far. The geometry 
differs fundamentally from the contraction flow, since a material element along the centerline 
is, subsequently, compressed when approaching the cylinder, sheared along the cylinder's 
surface and stretched in the wake of the cylinder. Laun and Schuch [88] find that the elonga
tional behavior can alter due to pre-shearing the sample and, therefore, this type of ftow may 
contain valuable information. 
Figure 2.2 schematically shows the geometry and definition of dimensions. The character
istic time of this flow is taken as the residence time around the cylinder, which makes the 
De-number (Equation 2.1): 

De= Ac< U > 
R 

(2.7) 

with < u > the mean upstream velocity, and R the radius of the cylinder, and Ac the char
acteristic relaxation time of the fluid as defined in Equation 2.5 or 2.4. Baaijens [11], [12] 

Figure 2.2: Schematic of planar flow around a cylinder, R is the radius of the cylinder, H js the 
channel height, D (not shown here) is the depth of the channel. 

gives a literature review of earlier studies on viscoelastic flows around cylinders. Therefore, 
here only the highlights of early studies are briefly reviewed while recent papers are more 
extensively treated. The experimental and numerical details are given in Tables 2.3 and 2.4, 
respectively. 
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Reference Geom. Dimensions [mm] Material Exp. Meth. Dee 

Solutions 

Baaijens [11],[12] syml R-2 H -2 D_g 
- '2R - 'H - Pib/C14 LDA 2.15 

asyml FIB-p 1.73 

Melts 

Baaijens [11],[10] syml R = 1.25, ~ = 2, J1 = 8 LDPE FIB-f 7.3 

asyml 8.9 

Hartt [63] syml R = 1.6, ~ = 1.6, J1 = 10 LLD PE FIB-f 0.003 

sym3 Ax -4 
R - LDPE 0.024 

Table 2.3: Experimental details of combined numerical/experimental studies of planar flow around 
cylinders. Geometry: syml= one cylinder symmetrically placed between upper and 
lower plate, asyml= one cylinder asymmetrically placed, sym3= three cylinders in a 
row. Dimensions: R= the radius of the cylinder, H = the height of the channel, D 
= depth of the channel, box= spacing between cylinders. Material: Pib/C14= poly
isobutyleneltetradecane solution, (see also Table 2.1). Experimental method: see Table 
2.1. Deborah-number: Dee= maximum experimental Deborah number (calculated with 
Equation 2. 7 and Ace, Equation 2.4 ). 

The first studies focus on measuring streamlines, and investigate the influence of elasticity 
on the streamline pattern. A number of studies are performed on unbounded cylinders (Mena 
and coworkers [101], [110], and Ultmann and Denn [141]). It is suggested that at low elastic
ity (De < 1) the streamlines are shifted downstream and at high elasticity (De > 1) they are 
shifted upstream. The numerical studies of Pilate [125] and Townsend [140] show a small 
downstream displacement of the streamlines. Walters and co-workers ([31],[73],[39],[56]) 
measure streamlines around one, or an array of, asymmetrically placed cylinders. They find 
that for a specific viscoelastic fluid more material flows through the broader gap compared 
to a Newtonian liquid. This is ascribed to the elongational thickening behavior of that liquid, 
which results in a locally higher flow resistance in the narrow gap. 
Similar to the axi-symmetric analogue, the falling sphere in a tube, also the drag coefficient 
on the cylinder is an extensively investigated parameter (mostly numerically). Huang and 
Feng [66] numerically investigate the influence of side walls and fluid properties, on the drag 
on the cylinder and the velocity profile in the wake of the cylinder. The fluid is described 
with an White-Metzner model and moderate Reynolds numbers (Re= 0.1-10) are studied. 
They find that both, wall proximity and shear thinning, shorten the wake, but show opposite 
effects on the drag coefficient: they increase and decrease the drag coefficient, respectively. 
When the walls are close to the cylinder, elasticity of the fluid decreases the drag coefficient 
and shortens the wake. When the walls are placed far from the cylinder, the opposite effect is 
found for the fluid elasticity. Also the numerical studies of Barakos and Mitsoulis [14], [114] 
show a decreasing drag coefficient at increasing De-number for, respectively, a shear-thinning 
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polymer solution and an LDPE melt. 

Reference Material Constitutive Material Comp. Den 
Equation Char. Meth. 

Solutions 

Baaijens [11],[12] Pib/Cl4 PTTb(l), Giesekus(l) 17, Ni FEM 1.55 

PTTb(4), Giesekus(4) 2.31 

Barakos [14] Pib/Cl41 KBKZ-PSM(4) 17, Ni FEM 2.31 

Melts 

Baaijens [11],[10] LDPE PTTa( 4 ), Giesekus( 4) 17, Ni FEM 5 

Hartt [63] LLD PE PTTa(l) 17' 17*, 17:t FEM 0.0008 

KBKZ-PSM(7) G(t, 'Yo), 17:t 0.008 

LDPE PTTa(l) 17' 17*' 17:t 0.03 

KBKZ-PSM(7) G(t, 'Yo), 17:t 0.2 

Mitsoulis [ 114] LDPE2 KBKZ-PSM(8) 17, Ni FEM 8.1 

LLDPE3 KBKZ-PSM(7) 17, Ni, 17u 0.008 

LDPE3 KBKZ-PSM(7) 17, Ni, 17u 0.2 

Table 2.4: Numerical details of combined numerical/experimental studies of planar flow around cylin
ders. Material: see Table 2.3. Constitutive equation: PTTh= Phan-Thien Tanner model 
(linear form), see also Table 2.2. Material characterization: 17*= complex viscosity, 1Ju: 
steady uniaxial elongational viscosity, see also Table 2.2. Computation method: FEM= 
Finite Element Method.Deborah number: Den= maximum Deborah number (calculated 
with Equation 2.7 and Acn• Equation 2.5). 

Recently, studies have been performed that measure the stress field using birefringence, and 
compare that with numerical simulations. Baaijens [11], [12] studies the flow of a poly
isobutylene solution around a confined cylinder, with the height of the channel being twice 
the diameter of the cylinder. He investigates two cases, one with a symmetrically placed 
cylinder and one where the cylinder is placed a quarter diameter off-center. Spatially resolved 
velocity and stress measurements are compared to predictions of finite element calculations 
of a 1- and 4-mode version of the Phan-Thien Tanner and Giesekus model. The parameters of 
the models are determined on steady shear measurements. Both models show good to excel
lent agreement with measurements, in the investigated range of De-numbers. The predictions 

1Experimental data from Baaijens (11], (12]. 
2Experimental data from Baaijens (11], [10]. 
3Experimental data from Hartt and Baird (63]. 
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of the 4-mode models are better than the single mode versions. Moreover, unlike the obser
vations of Walters and co-workers, the velocity field is excellently predicted by a generalized 
Newtonian model (Carreau- Yasuda), indicating that elasticity does not have a large influence 
on the flow field for this fluid. 
Barakos and Mitsoulis [14] use the experimental data of the symmetrically placed cylinder 
of Baaijens to evaluate an integral K-BKZ constitutive model. Similar results as Baaijens 
are found for the stresses. But they predict an overshoot for the velocity downstream of the 
cylinder which was not predicted by the 4-mode PTT model in the study of Baaijens, nor 
found in his experiments. 
Baaijens et al. [11], [10] also investigated the planar flow of a LDPE melt around a cylinder, 
both for the symmetric and asymmetric case. For the melt, stresses are measured using the 
field wise birefringence method. Agreement with 4-mode versions of the Phan-Thien Tanner 
model is moderate. More fringes (higher stresses) are predicted numerically, even in the fully 
developed shear region. In the wake of the cylinder, experimentally the fringes are found to 
extend over a much longer distance from the cylinder, meaning that stresses relax slower then 
predicted. He did not, however, investigate this into detail. 
Hartt and Baird [63] investigated the planar flow around cylinders of an LLDPE and LDPE 
melt. Numerical results of a PTT model and a K-BKZ model are compared to birefringence 
data. Further a comparison is made between the flow around a single cylinder and three 
in sequence. The stress patterns in the wake of the last cylinder are compared to those in 
the wake of the single cylinder, in order to investigate the influence of deformation history. 
For the LDPE melt they find a small effect of deformation memory at the highest investigated 
De-number. It is concluded that pre-shearing around the cylinders influences the elongational 
behavior. The PTT model gave similar results in the wake of the single and the third cylinder. 
The Rivlin-Sawyer model gives better quantitative agreement. 
Mitsoulis [114], also compared numerical results of a multi-mode K-BKZ model to the 
isochromatic patterns found by Baaijens and Hartt for the polyethylene melts, but with a 
different numerical code as Hartt. The results are comparable to the simulations done by 
Baaijens and Hartt. 

2.3.1 Discussion 

Flow geometries 

The excellent agreement between birefringence measurements and predictions of the flow of 
the polyisobutylene solution in the study of Baaijens [11], [12] shows that three-dimensional 
effects are minimal for an aspect ratio of 8. 

Constitutive equation 

Only a few constitutive equations are evaluated for this flow type. Of the integral type, the 
K-BKZ model is popular and, of the differential type, the PTT and Giesekus models. In the 
study of Baaijens on a Pib/C14 solution, the numerical outcomes seem only weakly sensitive 
for the constitutive equation chosen (PTT, Giesekus), but four mode versions show a better 
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agreement than one mode. Further, the polymer solution investigated seems only weakly vis
coelastic. The calculations of the same flow with the integral model (Barakos and Mitsoulis 
[14]) show similar results, except for the first normal stress difference in the wake of the 
cylinder. It is remarkable that in the study of Barakos, the derivative of N1 normal to the flow 
direction is always zero on the centerline, whereas in the study of Baaijens this is not the 
case. The results of Baaijens seem more in agreement with the experimental data. Probably 
other boundary conditions are used for the stresses on the symmetry line. 
All numerical studies mentioned use the finite element method for viscoelastic calculations. 
Baaijens et al. [12], also compute the stresses along the centerline using streamline integra
tion and finds a small, but noticeable difference when compared to the FEM calculations. 

Deborah number 

The maximum De-number in the experiments is low to moderate. It should be noted that 
Hartt uses the largest relaxation time(= IOOO[s]) as characteristic time of the material, which 
explains the large deviations between the values of the Deborah-number cited by Hartt, and 
calculated in the present study (factor 10-300 difference!). It seems, therefore, not surprising 
that effects of deformation history (difference between 1 and 3 cylinders in a row) are only 
noticeable at the highest De-number, which is only 0.2 for LOPE. 
Further, the effect of the deformation history was only predicted by the integral model, and 
not by the PTT model. However, the model fits were created with a different number of 
modes, the PTT model having a single mode and the KBKZ model as much as 7 modes. 
Calculating the average relaxation time indicates that the relaxation time (and consequently 
the De-number used in the calculations) of the PTT model is a factor 5 lower (for the LLDPE 
melt even a factor of 10). Therefore, memory effects for the PTT model will only become 
important at significantly higher flow-rates. 

2.4 Stagnation flows 

In stagnation flows, two liquid flows are impinged to create steady extensional deformations, 
and in this way it is tried to separate the time-dependent and non-linear behavior of polymer 
fluids in elongation. They are of interest, because at the stagnation point material elements 
experience an infinite extensional strain and, therefore, (at least in part of the flow) the fluid 
elements will obtain a high orientation. Further, also low viscous fluids can be investigated 
in these type of flows, whereas this is more difficult in other extension apparatuses. An ex
tensive review can be found in Macosko [97]; Table 2.5 lists a selected number of studies. 
In general the studies can be separated in two classes. In the first, it is tried to capture the elon
gational viscosity of the material by measuring macroscopic parameters, mostly the pressure 
drop across the die or the force exerted on one half of the die. The other class is interested 
in the coil-stretch transition of dilute and semi-dilute solutions and, here observations are 
mainly focused on the influence of the stretching of molecules on the flow field and the rela
tion to a critical concentration c* or strain-rate i. As the interest of these studies is different 
from ours, no comparison is made to non-linear viscoelastic calculations. Therefore, only the 



18 Chapter 2 

experimental details of the studies are listed, and no Deborah-numbers are given, since the 
necessary data were not available in the papers. 

Reference Geometry Material Exp. Meth. 

Solutions 

Mackley [33], [48], [19] 2-rm; 4-rm; 6-rm PEO FIB-f, SP 
Leal [54], [117], [42], [148] 2-rm; 4-rm PS-sol FIB-p 
Williams [ 154] CF-I mal; mal-PAC p 

Keller [113] CS PS-sol FIB-f, LDA 
Fuller [51] OJ XG;PAC F 
Keller [44], [76], [115] OJ PS-sol FIB-f, P 
Willenbacher [153] OJ S 1; Pib/decaline F 
Tatham [139] OJ PS-sol; HPG FIB-p 

Melts 
Janeschitz [142], [143], [69] CF-1 PS FIB-f 
Macosko [98], [99] CF-I PS FIB-f, P 
Mackay [95] OJ LLDPE, LDPE, PP p 

Wippel [ 156] OJ pp p 

Table 2.5: Experimental details of studies on stagnation flows. Geometry: (2-)rm= (two) roll 
mill, CF-I= lubricated converging flow, CS= cross-slot, OJ= opposed jets. Material: 
PEO= polyethylene oxide solution, PS-sol= polystyrene solution, mal= maltose syrup, 
PAC: polyacrylamide, XG= Xantham Gum, Sl= standard solution SI, Pib/decaline= poly
isobutylene/decaline solution, HPG= hydroxypropyl guar solution, see also Table 2.1. 
Experimental methods: P: pressure, F:force, T: torque, see also Table 2.1. 

An ideal extensional flow can be created by choosing a hyperbolically shaped die surface 
with slip at the wall. A device that approximate this shape near the center of the flow is the 
four roll mill, which has been studied by Leal and coworkers [117], [42], [148], and Mackley 
et al. [33]. Also a two roll mill was studied by both Leal et al. [54], and Mackley et al. [48], 
and even a six roll mill by Mackley et al. [19]. The mills contain the flexibility to produce 
weak to strong planar flows by altering the relative roller speeds. A disadvantage, however, 
is that the shear stresses at the rollers may be insufficient to overcome extensional stresses 
for highly viscoelastic fluids. Mackley et al. [33], [48] investigated how the birefringence 
measurements changed between simple and pure shear, whereas Leal et al. [117], [42] exten
sively investigated the coil-stretch transition of dilute polymer solutions. Other investigators 
use a solid die, with hyperbolically shaped walls. 
In a number of studies, lubricated die walls were used with a low viscous liquid to dimin
ish shear effects. Williams and Williams [ 154] used such a device for the determination of 
the planar elongational viscosity of polymer solutions and Janeschitz-Kriegl and coworkers 
[142], [143], [69] and Macosko et al. [98], [99] for polymer melts. These studies show that 
lubricated die wall experiments are difficult to perform, and the simpler unlubricated case 
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Figure 2.3: Schematic of the planar stagnation flow. h: upstream and downstream channel height, R: 

comer radius. 

seems more worthwhile to investigate. Further, Secor et al. [132] show with a numerical 
study that for the lubricated case it is impossible to create a pure elongational flow, due to the 
interaction between die shape and normal viscous stresses at the lubricant/sample interface. 
Both, Janeschitz-Kriegl et al. [69] and Macosko et al. [98] showed that in the unlubricated 
case, the pressure drop differs a decade from the unlubricated case. The flow-induced bire
fringence measurements, however, were very similar indicating that the flow situation near 
the stagnation point is hardly influenced by lubrication. An example of an unlubricated die 
for polymer solutions is the cross-slot of Keller et al. [113] who investigated the interplay 
between flow and polymer conformation in an elongational flow field. 
The opposed jets device is an example of an unlubricated stagnation flow where the confining 
walls are moved as far away as possible. It has been subject to a number of studies (Fuller 
et al. [51], Keller and coworkers [44], [76], [115],Tatham et al. [139], Willenbacher and 
Hingmann [153], and now is commercially available for measuring uniaxial and biaxial elon
gational viscosity for low viscous polymer solutions (Rheometrix RFX). Numerical studies 
on a Newtonian sample have shown that shear, inertia and pressure effects (Schunk et al. 
[131]) influence the measurements. A similar device to measure the uniaxial elongation vis
cosity of melts was investigated by Mackay et al. [95] and Wippel [156]. Their studies show 
that with stagnation flow devices much higher elongational rates are achieved (1 - 50os-1 ), 

compared to the apparatus of Meissner (0.01 - 1s-1 ). Furthermore, they report steady state 
values over the range of investigated elongation rates. 

Although the stagnation flows are recognized as devices for obtaining valuable informa
tion on elongational behavior, there is a lack of comparison to numerical simulations. Most 
studies assume an ideal extensional flow field, and only a few check this assumption by 
measuring local stresses or velocities. It has been found that even in the case of lubricated 
flows, a pure elongational flow cannot be achieved. Elongational viscosity measurements by 
means of macroscopic parameters, are influenced by other factors (actually a complex flow 
is investigated). However, it seems a valuable geometry to test constitutive models, since 
the total elongational strain is high. As already indicated by several authors, birefringence 
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measurements are less sensitive to boundary conditions than macroscopic parameters. For 
a quantitative interpretation of birefringence results, this thesis is restricted to planar flows. 
Figure 2.3 shows schematically the stagnation flow. and the De-number is defined as: 

De= .A~ u > 
2h 

(2.8) 

in which h is the height of the channel in the planar section, and < u > the mean velocity. 

2.5 Discussion 

For the evaluation of constitutive equations on their ability to predict the behavior of polymer 
melts and solutions in an arbitrary flow, complex flows are suitable. Three complex flows 
are investigated in this study, both numerically and experimentally. Each flow has different 
advantages and drawbacks, a number of points are given in Table 2.6. The contraction flow 

II Contraction I Cylinder I Stagnation I 
total strain - +/- + 
interaction +!- + +/-
shear/elongation 
literature + +!- -
experimental + +!- -
convenience 
numerical - + + 
convenience 

Table 2.6: Advantages and drawbacks of the complex flows that have been investigated in a combined 
experimental and numerical way. +: advantage; +/-: not a real advantage nor a drawback; 
-: drawback. 

has the advantage that it is simple in geometry and the interpretation of results along the 
centerline is easy. It is also the most widely investigated geometry in a combined numeri
cal/experimental way. It has, however, large stress gradients near the entry comers, which 
make finite element computations difficult. 
The flow around the cylinder has no singular point, and it is argued by Baaijens et al. [12], 
that the strain rate and total strain are higher compared to the contraction flow. Further, both 
flows differ in a fundamental way when the deformation history is observed along the center
line. Whereas in the contraction, the flow is pure elongational, in the flow around the cylinder 
a material element is compressed when approaching the cylinder,.sheared along the cylinder 
surface and stretched in the wake of the cylinder. So, there is a stronger interaction between 
shear and elongation. 
Besides the strain rate, also the total strain is important for the investigation of non-linear 
behavior. In stagnation flows the residence time of a fluid element in the stagnation point is 
theoretically infinite and, consequently, in an area close to the stagnation point much higher 
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strains are achieved than in the other two flows. The flow has received much attention with 
respect to the determination of elongational viscosity based on macroscopic parameters, but 
there has been no intensive combined numerical and experimental study of this flow. 

When comparing numerical simulations with experimental results, a number of points should 
be payed attention to. The first is the aspect ratio of the flow cell. Simulations are of a two
dimensional nature, whereas both velocity and stress fields are effected by the confining walls 
of the experimental geometry. From the results of Baaijens it can be concluded that a ratio of 
8 is sufficient, and this critical value is used in this thesis. Only the stagnation flow for poly
mer solutions has a lower aspect ratio (2), but this is taken into account, both experimentally 
and numerically. 

Apart from the chosen constitutive equation the number of modes used to describe the vis
coelastic behavior effects the numerical outcomes. In general, the relaxation time spectrum 
follows from a fit on experimental dynamic data, using an optimization scheme. To accurately 
describe the linear viscoelastic data, a 'rule of thumb' is to choose the number of modes in 
the same order as the number of decades covered by the experiment. For melts, this usually 
results in eight modes and for polymer solutions in four modes. When the fit is accurate in 
the lower limit, then automatically the average relaxation time of the modes, as calculated 
with Equation 2.5, is equal to the maximum relaxation time following from linear viscoelas
ticity (Equation 2.4 ). Hence, the Deborah numbers defined for the numerical simulation and 
experiment are similar. When the number of modes is severely different, this can lead to dis
crepancies between simulation and experiment. This is the case in the studies of for instance 
Feigl and Ottinger [45] and Hartt and Baird [63]. 
In some studies (Hartt and Baird [63], White et al. [151]), only one Maxwell mode is used 
to describe the viscoelastic behavior of polymer melts, for computational reasons. Then, an 
optimal fit for the relaxation parameters is determined on the steady shear functions instead 
of dynamic measurements. A consequence is that the relaxation time (and consequently the 
De-number) in the computations is much lower than in the experiments. On the other hand, 
fitting more modes can lead to the computation to be more elastic than the experiment. In the 
study of Feigl and Ottinger [45], relaxation times were used outside the experimental range 
-

1
- < >. < - 1

.-, resulting in a >-en 10 times higher then following from the linear viscoelas-
wma::c Wm in 

tic functions. 
Also, the applied boundary conditions influence the numerical results, more specifically the 
predictions of the first normal stress difference along the centerline (Section 2.3.1). 

Different definitions of the Deborah number complicates comparison between different stud
ies. Other definitions lead to unexpected results, e.g. the De-numbers in the study of Hartt 
differ a factor of 500 from the currently used definition. Also, it should be kept in mind that 
the Deborah number is a measure of the non-linear shear behavior. It does not represent 
a measure of the non-linear elongational behavior, which can be totally different between 
materials investigated at similar Deborah numbers. The elongation behavior, however, is of 
more interest. Furthermore, the De number does not reflect other measures such as total 
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strain. When comparing the three different geometries to one another, the contraction flow 
seems favorable over the other two, since higher De- numbers are achieved there, whereas 
much higher total elongation strains are achieved in stagnation flows. 



3 Constitutive Equations 

3.1 Introduction 

During the last decades, a large number of constitutive equations have been proposed to de
scribe the nonlinear viscoelastic behavior of polymer melts and solutions (see e.g. Larson 
[85]). The models can be divided into two major classes: the integral and differential type. 
The integral type has the advance that it admits more naturally a broad spectrum of relaxation 
times. Models of the differential type, on the other hand, are easier incorporated in numerical 
schemes. Moreover, it seems that integral models will be useless when dealing with transient 
flows [83]. The current study concerns numerical simulations of complex flows, using finite 
element methods, and therefore will be restricted to constitutive models of the differential 
type. 
The choice of constitutive equation depends on the problem investigated. If one is, for in
stance, only interested in the drastic change in viscosity with increasing shear rate, gener
alized Newtonian models will suffice. In this thesis the Carreau-Yasuda and Ellis models 
are used and will be discussed in Section 3.3. Linear viscoelastic models are a good choice 
when time-dependent problems are considered in which deformation gradients or deforma
tion rates are exceedingly small; Section 3.4.1 treats the upper convected Maxwell model 
(UCM). This model is used as base for more sophisticated nonlinear models, which try to 
capture all observed nonlinear viscoelastic phenomena. Section 3.4.2 shortly reviews what 
kind of adjustments are done on the upper convected Maxwell model. Two nonlinear models 
will be discussed more extensively, as they will be evaluated in this study: the Giesekus and 
Phan-Thien Tanner model. 
Based on the upper convected Maxwell model, a new class of models is proposed in Sec
tion 3.5. In these models, the shear viscosity function is fixed, but they contain additional 
freedom in their predictions of elongational properties. Two models are evaluated for the 
complex flows of the LDPE melt, and one for the Pib/C 14 polymer solution. 

3.2 Definition of tensors and material functions 

In the sequence of this thesis, the type of flow is defined with the velocity gradient tensor 

L = (~ vY or the rate of deformation tensor D = ~(L +LT). The stresses are expressed 
in the extra-stress tensor T, which differs from the Cauchy stress tensor u by an isotropic 
factor: 

u = -pl + 'T (3.1) 
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where p is the pressure field at rest and I the unity tensor. The first, second and third invariants 
of an arbitrary tensor A are, defined by respectively: 

IA = tr(A) (3.2) 

IIA 
1 

2(tr(A) 2 
- tr(A ·A)) (3.3) 

IIIA = det(A) (3.4) 

Simple shear flow is characterized by: 

L = 'Ye1e2 (3.5) 

where 'Y is the shear rate, e1 indicates the flow direction and e2 the velocity gradient direction. 
The steady shear material functions are defined by: 

- viscosity : 
Ti2 

'fJ = 'Y 
- first normal stress difference : Ni Tu - T22 

- second normal stress difference : N2 = T22 - T33 

Sometimes the normal stress coefficients are used: 

- first normal stress coefficient : 1/J1 
Ti1 - T22 

= ')'2 

- second normal stress coefficient : 7/J2 
T22 - T33 

')'2 

Start-up and cessation of flow is denoted with a plus or minus sign, respectively: 

- start-up flow : 'f/+ 
Ti2 

= 
'Y 

- cessation of flow : - Ti2 
T/ = 

'Y 
Simple elongational flows can be defined by1: 

L = i[e1e1 - (1 + b)e2e2 + be3e3) 

with i the elongation rate, and - ~ ~ b ~ 1 indicating the flow type: 

b - _l 
- 2 

b=O 
b=l 

uniaxial elongation 
planar elongation 
biaxial elongation 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

(3.13) 

Material functions are denoted by different symbols: u, b, p, which stand for, respectively, 
uniaxial, biaxial and planar elongation. Viscosities are defined by: 

Tu - T22 
T/e = 

f 

with e = u,p, b. 

(3.14) 

1The definition for L used here, slightly differs from the one for instance used in the book ofMacosko [97]. 
The reason is to have a coherent definition for the viscosity function in a combined planar elongational and 
shear flow, as investigated later-on in this thesis. 
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3.3 Generalized Newtonian model 

In generalized Newtonian models the viscosity (TJ) is a nonlinear function of either the rate
of-deformation tensor or the extra-stress tensor: 

T = 2TJ(Iln,l Ir )D (3.15) 

The Carreau-Yasuda viscosity function is defined as ([97], page 86): 

(3.16) 

The Ellis viscosity function reads ([97], page 86): 

(3.17) 

A generalized Newtonian model describes only the shear rate dependence of the viscosity. 
Any other non-Newtonian effects, such as normal forces in shear flows and transient stresses 
in start-up flows, are not included. The Carreau-Yasuda model is used in this study to calcu
late the 3-dimensional velocity field in the cross-slot device of a polymer solution (Chapter 
6). The Ellis model (3.17) is used for the development of new constitutive equations, see 
Section 3.5. 

3.4 Nonlinear viscoelastic models 

3.4.1 Upper convected Maxwell model 

The model that is used as basis for more realistic, nonlinear viscoelastic models of the dif
ferential type, is the (quasi-linear) upper convected Maxwell model. It is the idealization for 
a simple fluid; in rapid deformations it behaves as an elastic solid, with a modulus G, and in 
slow deformations as a Newtonian liquid, with viscosity T}: 

V' >. T +r = 2G>.D (3.18) 

where >. = f; is the relaxation time, and V' is the upper convected time derivative: 

V' . T 
T=T -L. T - T. L (3.19) 

with 1- the material time derivative of the stress tensor. For a steady shear 2-D flow, the stress 
components can be written as: 

712 = G>.1 = TJ1 
711 = 2>.1r12 = 2G>.

2
;_/ 

713 = 723 = 722 = 733 = 0 

(3.20) 

(3.21) 

(3.22) 



26 

From this it follows for the material functions : 

TJ = GA 

Ni = 711 - 722 = 2GA2ly2 -+ '111 = 2GA2 

N2 = 722 - 733 = 0 -+ '112 = 0 

Chapter3 

(3.23) 

(3.24) 

(3.25) 

So, both T/ and 'l/;1 are constant, no shear thinning behavior is predicted, and 'l/;2 is zero. 
In steady elongational flow, the following material functions are found: 

T/u = 2TJo +~ (3.26) 
1- 2A€ 1 +At 

2TJo 2TJo (3.27) T/p 1 - 2.\€ + 1 + 2.\€ 
2TJo 4TJo (3.28) T/b = 

1 - 2.\€ + 1 + 4.\€ 

For all elongational viscosities unbounded extensional thickening is predicted for€ = 1/2.\. 
So, the upper convected Maxwell model gives unrealistic material functions in both steady 
shear and elongation. However, the linear viscoelastic flow behavior, i.e. when the applied 
strains are small, can be accurately described, when multiple modes (i.e. multiple relaxation 
times and corresponding moduli) are used. The range of validity of this description depends 
on the number of modes used. The contributions of separate modes are given by Equation 
3.18, and the total stress tensor by: 

(3.29) 

where the index i denotes a single mode. 

3.4.2 More accurate nonlinear viscoelastic models 

The upper convected Maxwell model can be altered in a number of ways in order to introduce 
nonlinear effects. In the limit of small strains, however, the Maxwell model should always be 
recovered. These models can be put in the following general form, which is closely related 
to the equation as proposed by Larson [86]: 

(3.30) 

where the subscripts 0 denote the constant, linear viscoelastic terms. The influence of the 
additional terms are shortly explained below 
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The relaxation time of the model is made a nonlinear function of the stress tensor. In general 
its form is such that it accelerates the rate at which stress decays at higher stresses. The func
tion F d ( T) is found in two forms. 
The simplest form is a scalar function of the invariants of the stress tensor, as for instance 
in the Phan-Thien Tanner (PTT) [124] and in the recently proposed, Marrucci models [102], 
[103] (see Section 3.5 for expressions for these functions). The material functions of the 
Maxwell model, (Equations 3.23 through 3.28) are simply altered by the function for the 
relaxation time. In this way, shear thinning behavior for T/ and 'lj;1 are achieved, and the elon
gational viscosities become bounded. However, N2 , remains zero. 
More complex forms of F d are found in the Giesekus and Leonov models, where it is a ten
sorial function of the stress tensor. In this way a quadratic form of the stress tensor appears 
in the constitutive equation. When using multiple modes, these models give excellent pre
dictions in shear and a non-zero N2 • The predictions in elongational flows, however, are less 
accurate. 

This term alters the convective time derivative, and can be a function of both the stress and 
rate-of-deformation tensor. It modifies the rate at which the stress tends to build up. This type 
of function is found in the Phan-Thien Tanner model (Gordon Schowalter derivative), and the 
Larson model (the Larson derivative). With this modification, also accurate predictions of 
the steady shear properties T/ and N1 can be found, and reasonable predictions in elongational 
flows. However, depending on the type of function F c• some deviations from experiments are 
found. The Larson model for example predicts N2 = 0, and the PTT model shows spurious 
oscillations during start-up of shear flow. Notice that when the rate of deformation tensor 
(D) is explicitly present in F c• this term can be moved to the right-hand side and, combined 
with 2G0D, regarded as a nonlinear anisotropic modulus. 

In general, it can be concluded, that most nonlinear models can accurately describe the ma
terial properties in shear flow (although some fail to predict N2 =f. 0). The prediction of 
elongational properties is most times not particularly good [85]. The Giesekus and PTT 
models will be discussed in some more detail as they are used extensively in the rest of this 
study. 

Giesekus model 

The Giesekus model [57] describes how the relaxation time of a molecule is altered when 
the surrounding molecules are oriented. The relaxation behavior becomes anisotropic, and 
results in an additional quadratic term of the stress tensor, when compared to the Maxwell 
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(3.31) 

The parameter 0 ~ o: ~ 1 determines the magnitude of the anisotropic drag. With o: = 0 the 
isotropic, upper convected Maxwell model, is recovered. The most severe case of anisotropic 
drag is reached when o: is set to unity. In that case the model predicts similar behavior in 
elongational flows as the corotational Maxwell model. With intermediate values of o:, the 
Giesekus model fits steady and transient shear flows better than any other differential con
stitutive equation (the Leonov model, which is closely related to the Giesekus model, not 
considered). Shear-thinning behavior of both TJ and 'lj;1 is predicted. Also a second normal 
stress difference is pre~icted, depending on the value of o:, and the ratio 0 ~ ~ ~ -~covers 
the range of measured values. 
In uniaxial elongational flow, the model predict tension-thickening region, after which a 
plateau is reached. Most experiments for polymer melts, however indicate the existence of a 
tension thinning region at high strain rates. The Giesekus model is found to be less accurate 
in predictions of elongational flow measurements. 

Phan-Thien Tanner model 

The Phan-Thien Tanner model [ 124] stems from network theory and contains both functions 
Fc(T, D) and F d(-r): 

Fc(T, D) = ~D · T- ~T · DT (3.32) 

F c introduces non-affine motion of the polymer strands. The parameter 0 ~ ~ ~ 2, alters the 
time derivative. For the limits, ~ = 0 and ~ = 2, the upper and lower convected time deriva
tive are obtained, respectively. With ~ = 1, the corotational time derivate is reached. The 
nonlinear function F d( T) correlates the creation and destruction rates of junctions between 
the strands. Their exist two forms: 

PTTa Fd(-r) = e1I1-r (3.33) 
€ 

PTTb : Fd(-r) = 1 + 
0

I-r (3.34) 

The two parameters~' e: define the nonlinear behavior. When e: ~ ~the behavior in shear flow 
is mainly determined by~. and e: serves to blunt the singularity in elongation that otherwise 
would be present. However, a single value of the slip parameter ~ cannot fit both shear vis
cosity and first normal stress difference satisfactory. The two forms of the function F d give 
qualitatively different behavior in strong flows. PTTa predicts a maximum in the elongational 
viscosity before reaching a tension thinning region at higher elongational rates. The linear 
form (PTTb) predicts a tension thickening behavior after which a plateau is reached at higher 
elongational rates. PTTa seems to be coherent with experiments on polymer melts, see e.g. 
Laun and Schuch [88]. 
The PTT model has more flexibility than the Giesekus model, as it has two adjustable param
eters. However, when~ f:. 0 spurious oscillations are predicted during start-up of shear flow. 
When ~ = 0, similar predictions are obtained as the Giesekus model except that N2 = 0, and 
no overshoot in the viscometric functions is predicted in start-up of shear. 
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3.5 Enhanced nonlinear viscoelastic models 

To date, none of the existing nonlinear differential models has been proven to be superior to 
others. Some models can excellently predict the viscoelastic behavior in shear (e.g. Giesekus 
and Leonov), but are less accurate in elongational flows. Others do a better job in elonga
tional flow, but cannot accurately predict shear and elongational flows simultaneously (e.g. 
Phan-Thien Tanner, Larson). More flexibility is needed to independently control the shear 
and elongational properties. 
In this section, a method is proposed in order to create this flexibility in a class of nonlinear 
differential models. It is, however, not our intention to start from a molecular point of view. 
Rather, we try to incorporate observed macroscopic phenomena into existing models, which 
might be based on molecular concepts. The following steps are performed in the develop
ment: 

• The upper convected Maxwell model is taken as starting point, both relaxation time 
and modulus are allowed to be a nonlinear function of the stress. 

• The combination of the two nonlinear functions are chosen is such a way that the de
scription of the steady shear viscosity is fixed and always accurately predicted (viscos
ity fixed ,viscoelastic models). The empirical Cox-Merz rule serves as a guideline in 
obtaining the nonlinear functions. 

• To obtain more flexibility in the elongational behavior, other nonlinear functions for 
the relaxation time are incorporated. 

3.5.1 Model enhancement based on the Cox-Merz rule 

To incorporate more flexibility, both relaxation time and modulus in the upper convected 
Maxwell model, are allowed to be nonlinear functions of the stress: 

V' T 
T + A(T) = 2G(T)D (3.35) 

Some models, e.g. White-Metzner, have a relaxation time that is a function of the rate-of
deformation tensor D. However, material functions, such as A and G, should depend on 
variables that express the state of the material. The stress is directly related to the deformed 
state of the molecules, whereas the rate-of deformation tensor D is not. 
The viscosity function derived for the Maxwell model (TJ =AG, Equation 3.23) holds for any 
choice of A(T) and G(T). The invariants of the stress tensor in 2-D steady shear are: 

IT = 711 = 2GA272 

IIT = -rf2 = -G2 A2/y2 

IIIT = 0 

The first and second invariant are related by: 

IIT = - GIT 
2 

(3.36) 

(3.37) 

(3.38) 

(3.39) 
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Cox-Merz rule 

The empirical Cox-Merz rule [32] is taken as guideline for finding appropriate functions for 
>. and G that accurately describe the steady shear viscosity. The Cox-Merz rule relates the 
steady shear viscosity with the dynamic viscosity: 

(3.40) 

The subscript 0 indicates the linear viscoelastic parameters. With the definition of viscosity 
(TJ = 42- ), and the stress invariants in steady shear (Equation 3.37), the Cox-Merz rule can be 

'Y 
written as a function of the second stress invariant I IT: 

(3.41) 

3.5.2 Constant modulus (G0) 

If we take the modulus constant, for the time being, the viscosity curve is excellently pre
dicted when the relaxation time is taken from Function 3.41 (G = G0). Moreover, this 
function can be used to evaluate relaxation time functions proposed in literature (see Table 
3.1). To compare the Cox-Merz expression with the other models, Equation 3.39, is used to 
formulate it in terms of IT. 

model II Reference I A(T) 

Cox-Merz Eq. 3.41 J1 - !:r_ 2Go 

PTTa [124] 
_/I.. 

e Go 

PTTb [124] 1 

l+e!.x. Go 

Marrucci-a [102] 1 - E!.r_ 
Go 

Marrucci-b [103] (1 E) ~(l+e-q)2+4Eq-(l+e-q) 
+ 2Eq 

with q= ~ 

Variable drag [122] 
({fi-/.I..) e Go Go 

Table 3.1: Nonlinear scalar functions for the relaxation time(>.( T)). 
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The additional slip parameter~ in the PTT models is set to zero. Recently, Marrucci proposed 
a nonlinear relaxation time based on the concept of renewal of topological obstacles by con
vection of entanglements and used this in a dumbbell model [102]. It is denoted here as the 
Marrucci-a model. In a second paper, he introduced a finite lowest friction on the beads of 
the dumbbell, which resulted in the function indicated here as Marrucci-b. When the param
eter Eis set to zero, it is similar to the Marrucci-a model (with E = 0.5). The last relaxation 
time function is based on the variable drag principle applied in a dumbbell model [85]. In
stead of taking the hydrodynamic interaction concentrated in the beads of a dumbbell, this 
model considers the hydrodynamic forces to act on the contour length of a polymer chain. In 
contrast to the other functions, the relaxation time increases with stress. The form presented 

here differs from the original ( ,\ = Ao ( 1 + E 2Go ( ~ ru T) ' [ 122]). It is combined with the 

relaxation time governing mechanism of the other models. Over some range of stress, the 
relaxation time will first increase due to the variable drag and next decrease following from 
the other mechanism. It gives the opportunity to gradually introduce the concept of variable 
drag, starting from a PTTa type of relaxation time. 

1.5..--------..-----...,....------, 
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I 
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Figure 3.1: Left: relaxation time (= 'Tf/Go) as a function of stress (lr/2Go). Right: viscosity as 
a function of shear rate. The letters indicate different models (see Table 3.1 ), a upper 
convected Maxwell model, b variable drag (e = 0.1, E = 0), c PITb (E = 0.25), d PITa 
(€ = 0.25), e Marrucci-a (€ = 0.5),f Marrucci-b (€ = 0.01), g Cox-Merz. 

The Cox-Merz function depends linearly on the stress at low stress levels, but shows an in
stant drop when~ (=-!-!if) reaches unity (see Figure 3.1). Both PTT models show similar 

behavior at low stress levels (for the selected E value), but decrease much slower at higher 
stress levels. The Marrucci-a model shows a linear dependence on the stress, whereas the 
Marrucci-b model becomes constant at high stresses. They both are closer to Cox-Merz at 
~ = 1 than the PTT models. The variable drag function shows (for the given parameter set 
which described variable drag only) an opposite effect as the Cox-Merz rule: shear thicken
ing behavior. 
The similarities and deviations of the relaxation time functions from the Cox-Merz rule are 
reflected on their prediction of the steady shear viscosity (in Figure 3.1 on the right). The best 
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approximation is found for the Marrucci-a model, the maximum deviation being 15%. How
ever, this model, as well as the function given for the Cox-Merz rule, can become negative in 
a numerical scheme, when ~ approaches unity, leading to instabilities. 

3.5.3 Ellis model as approximation of the Cox-Merz rule 

To avoid numerical problems, but still have a good description of the viscosity function with
out a plateau (Marrucci-b), the Cox-Merz rule is approximated with a modification of the 
Ellis model 1: 

T/ = TJo(l +A( 1~;1 )a)-b 
0 

(3.42) 

In Figure 3.2, this function and its resulting viscosity is shown. Notice that the constants in 
this function have no physical meaning, they are chosen such that a good overall prediction 
is achieved (A, a, b = 2, 2, 1). The cross-over region from the zero-shear viscosity to the 

1.2r------,.------,.------, 

I 
0 

-E: 0.6 
I=' 

rt 
.-< 0.4 

0.2 

-Cox-Merz 
-- Ellis-m 

0.5 1.5 10-
2 

-1 0 1 2 
llltl/G2 [-] 10 10 10 Ao y [-] 10 

Figure 3.2: Left: relaxation time (or viscosity) as afanction of stress (1 1~fl ), Right: viscosity as a 
0 

fanction of the shear rate, for the Cox-Merz rule and approximated by the refined Ellis 
fanction (parameters: A, a, b = 2, 2, l). 

shear thinning region is accurately described. The slope of TJ( Jy) is different for higher shear 
rates, but, when multiple modes are used, the latter region has only little influence on the total 
viscosity curve. Moreover, as the nonlinearity takes care of a right description of the shear 
thinning behavior, less modes are needed (in fact even one mode models are possible). 

3.5.4 Nonlinear relaxation time and modulus based on the Ellis model 

Similar results for the steady shear viscosity function can be obtained by a nonlinear modulus, 
whereas the relaxation time is kept constant 2 Moreover, both relaxation time and modulus 

. . (0.6~+0.8( !.!+ )4
) 1 Another function that can be used to approxnnate the Cox-Merz rule is: ,\ = ,\0 e Go Go • 

2Examples of existing models where the modulus and the relaxation time depend on the stresses (or can be 
interpreted as such) are FENE-p and Larson [85]. 
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can be described by an Ellis function, and the nonlinearity can be divided over the two with 
the introduction of parameter a: 

and (3.43) 

where the parameters A, a and bare determined with a fit on the Cox-Merz rule, for multi
mode models or on the complete viscosity function, if a one mode model is wanted. With 
O ~ a ~ 1, the two limiting cases correspond to a constant modulus (a = 0), and a con
stant relaxation time (a = 1). For any a an identical result is obtained for the steady shear 
viscosity. However, as follows from Equation 3.24, they have a different effect on the first 
normal stress difference. The two limiting cases are shown in Figure 3.3 on the left. Only 
little influence is seen in the start-up behavior in simple shear (Figure 3.3, right). The predic-
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Figure 3.3: Influence of parameter a in Equation 3.43 (parameters: A, a, b = 2, 2, l) on the predic
tions of the first normal stress coefficient 'l/J1 (left), and on the start-up behavior of the 
viscosity for -Xoi' = 10 (right). 

tions in uniaxial elongation are shown in Figure 3.4, the parameter alters the slope at higher 
elongation rates rather than the overall magnitude. 

3.5.5 Ellis model in combination with nonlinear relaxation times 

So far, both functions proposed for ,\ and G are based on an approximation (3.43) of the 
Cox-Merz rule (3.41). There is, however, no limitation in choosing another function for 
the relaxation time, for instance one from Table 3.1, to obtain more flexibility in describing 
elongational flows. The (approximated) Cox-Merz rule is still obtained when defining the 
modulus as: 

G(T) - Go 
- >.~:>(1 + A(~)a)b 

(3.44) 

This is demonstrated in Figure 3.5 for the relaxation time function of the PTTa model. The 
€ parameter in the ,\ function (see Table 3.1) now also controls the the nonlinear behavior of 
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Figure 3.4: Influence of parameter a in Equation 3.43 (parameters: A, a, b = 2, 2, l) on the predic
tions of the uniaxial elongation viscosity ('T/u). 

the modulus, in order to get the appropriate description of the shear viscosity (Figure 3.6). 
The prediction of the first normal stress difference also depends on E (Figure 3.6), whereas 
the second normal stress difference in this approach equals zero. The effect on the transient 
behavior is minor (Figure 3.7), and no overshoot is predicted. The elongational curve is 
mainly determined by the chosen function of the relaxation time (Figure 3.7), in this case 
the PTTa function. (Similar results can be obtained for planar and biaxial elongation.) When 
altering the form of the relaxation time function, the shape of the elongation viscosity function 
is changed. Furthermore, by adjusting the parameter in the model, the extension thickening 
region is controlled. This is a big advance over other models, since the shear viscosity is 
unaltered. However, the shear and elongational properties are not totally decoupled, the first 
normal stress difference also depends on the parameter value. In the case of the PTTa function 
for A, it can be shown that for multi-mode models the influence of the parameter a is much 
larger on T/u• than on N1 (typically a factor 3 to 4). 

3.5.6 Discussion 

In this section it was shown how the upper convected Maxwell model can be adjusted in a 
simple way in order to obtain an excellent description for the nonlinear shear viscosity func
tion. For this, only the linear viscoelastic parameters are needed, similar as in the Leonov 
modeL However, whereas the Leonov model is derived from thermodynamic arguments, the 
class of models proposed here has a phenomenological base. To describe the viscosity, the 
empirical Cox-Merz rule is approximated by a modified Ellis function. Where, in the Leonov 
model, no extra parameters are present to adjust the predictions of other material functions. 
Here, one parameter in the model divides the nonlinear behavior over the modulus and the 
relaxation time. Depending on this parameter, and the chosen form of the relaxation time, 
the predictions for the elongational properties and first normal stress difference are altered. 
Furthermore, the start-up behavior for the material functions in simple shear is only slightly 
altered, but it always remains a monotonic function of the shear rate. No overshoot is pre-
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Figure 3.5: Influence of parameter E in the PTTafunction (Table 3.1, ~ = 0) on the relaxation time 
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Figure 3.6: Influence of parameter E in the PTTafunction (Table 3.1, ~ = 0) on the predictions of 
shear viscosity 'f/ (left) and.first normal stress difference Ni (right). Combination 'fJ = G>. 
gives the modified Ellis function (Equation 3.42, parameters: A, a, b = 2, 2, l). 

dieted in the start-up curves as is often observed experimentally. Another drawback is that 
the second normal stress difference is zero. 

3.6 Models for evaluation in complex flows 

Of the existing differential type models, the Giesekus and PTT models are selected for the 
evaluation in complex flows, since they showed better results than others in a number of 
studies on various flow types (see e.g. Armstrong et al. [6], Baaijens [11], Larson [85], Tas 
[138]). 
The introduced new class of models, offers the possibility of combining functions, proposed 
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in literature for the relaxation time, with the Cox-Merz rule. It therefore ensures always a cor
rect prediction of the steady shear viscosity. On the other hand the predictions in elongation 
are mainly controlled by the chosen function for the relaxation time. Therefore, for evalua
tion of complex flows, relaxation time functions are chosen, which have been proven in the 
past to be appropriate. In case of polymer solutions the linear form of the PTT model is taken. 
In the sequence this model will be denoted as Feta-PTTb, where Feta stands for Fix eta. For 
polymer melts, the exponential form (Feta-PTTa) and the concept of variable drag (Feta-VD) 
are used. In all cases multi-modes are used, with the Ellis model as an approximation of the 
Cox-Merz viscosity function. 



4 Experimental methods 

4.1 Introduction 

One of the most important methods used in the research presented in this thesis is the compar
ison of local flow field characteristics with computations. Optical methods serve as powerful 
tools to obtain local information without disturbing the flow. The experimental methods used 
in this study are summarized in Table 4.1. For the measurement of velocities in the flow 

II solutions I melts I 
velocity LDA PTV 
stress FIB-p FIB-f 

Table 4.1: Experimental techniques used for velocity and stress measurements for polymer solutions 
and melts. LDA: Laser Doppler anemometry, PTV: particle tracking velocimetry, FIB-p: 
pointwise flow induced birefringence, FIB-f: fieldwise flow induced birefringence. 

of polymer solutions Laser Doppler Anemometry is used, and the technique is described in 
Section 4.2. It offers the possibility to obtain pointwise velocity fields, but is very sensitive 
for temperature gradients which are likely to occur in polymer melt flows. Therefore, a more 
robust technique is used to measure velocity fields in polymer melts: Particle Tracking Ve
locimetry, which will be explained in Section 4.3. 
Polymer melts and solutions are known to become birefringent in flow, and in combination 
with,the stress optic law this reflects the stress state of the polymer fluid elements. For flow 
of polymer solutions, with a low total birefringence level, a phase modulated technique can 
be applied for pointwise measurements of stresses in a nominal 2 dimensional flow or inte
grated stresses in 3D flows. For polymer melts, with a much higher total birefringence, the 
stress function is measured fieldwise. The basic principle and measurement techniques will 
be discussed in Section 4.4. 
A drawback of the classical use of birefringent techniques is the requirement of a two dimen
sional flow for a quantitative interpretation of the measurements. However, due to confining 
front and back-walls, the measurements will, to some extent, always be influenced by end
effects. The techniques become more valuable once they could be applied in arbitrary flows 
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in different geometries. Three dimensional viscoelastic flow simulations that become avail
able nowadays make this possible. Section 4.4.7 will be discussed how FIB measurements 
should be treated in case of three dimensional flows . 
As with any optical technique, FIB techniques are sensitive to beam deflections that might 
occur in the experiments. They are induced by local stress gradients and thermal gradients, 
the latter being cited in many studies as a major source of problems. The physical background 
and beam deflections observed in previous FIB studies are treated in Section 4.4.8. 

4.2 Laser Doppler anemometry 

4.2.1 Principle 

Laser Doppler anemometry (LDA) is based on the physical phenomenon of the frequency 
shift of light that is scattered by moving small particles. When a particle with velocity u( t) is 
illuminated by a monochromatic, linearly polarized light ray with wavelength ..\0 , propagation 
direction ek and frequency Vo, the frequency shift or Doppler shift lls observed in direction er 

can be expressed by (see Figure 4.1): 

u(t) . (e,. - eA:) (4.1) 
lls =Vo+ ;\ 

provided that the distance between the observer and the particle is much larger than the par
ticle diameter and the wavelength of the illuminating light. For an extensive treatment and 
proof of Equation 4.1 the reader is referred to Drain [41]. 
As Equation 4.1 shows, the Doppler shift of the scattered light depends on both the direction 
of illumination and observation, and it is proportional to the velocity of the particle. 

Figure 4.1 shows the differential Doppler technique: a measuring volume is created by two 
light beams, with the frequency of one beam shifted (vshift) with respect to the other. A 
particle moving through the volume scatters two waves with frequencies: 

u(t) ·(er - ek1) 
lls1 Vo+ ;\ (4.2) 

u(t) · (e,. - ek2) 
lls2 = Vo + llshift + ;\ ( 4.3) 

In a laser Doppler experiment, the intensity of the scattered light is the only quantity mea
sured. For this a detector is used that can not resolve the high signal frequencies of order v0 , 

therefore these frequencies will only contribute to the stationary component of the intensity. 
The frequency difference between the two illuminating light beams is the component that can 
be resolved in time and may be written as: 

2u . () 
vn = vs1 - vs2 = vshitt + T sm 2 (4.4) 

with u = lul cos a, the velocity component normal to the bisector of the two crossed beams, 
with an intersection angle (), as indicated in Figure 4.1. The second term of Equation 4.4 de
pends linearly on this velocity component, and is independent of the detector position. Only 
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~ 
ek2 

beam 2 ( v 0 +vshif) 

Figure 4.1: Schematic of the differential Doppler technique: particles with velocity u(t) scatter light 
when passing the measuring volume created by two light beams, of which one is shifted in 
frequency with respect to the other. The velocity component normal to the bisector of the 
two crossed beams is linearly related to the frequency shift (Doppler shift) of the scattered 
light with respect to the reference beam ( 1 ). 

the intensity of the scattered light is dependent on the scattering direction. 
The frequency shift between the two illuminating light beams offers the determination of the 
sign of the velocities. For negative velocities the Doppler frequency vv is smaller than Vshift• 

whereas for positive velocities vv is larger than Vshift· 

4.2.2 Laser Doppler equipment 

In this thesis, a dual beam method is used in backscatter mode, similar to the system used 
by Baaijens [11], [12]. The system is controlled by the Flow Velocity Analyzer (Dantec 
58N20), and operated from a personal computer with the software Floware from Dantec. A 
300 mW Argon-ion laser (Ion Laser Technology 5500A) generates the incident light-beams, 
here only one component (green light: >. = 514.5nm) is used. A Bragg cell splits the light 
beam into two equally powerful beams, of which one is shifted (vshift = 40M Hz). The two 
beams are led through glass fibers to a probe, where a lens (f = 80mm) focuses the beams 
(distance 38mm) in the measuring volume. The dimensions of the measuring volume are 
50 x 50 x 200µm. The scattered signal is received through the same lens and transmitted via 
a glass fiber to the Flow Velocity Analyzer. The probe is placed on a XY Z translation table 
(Dantec, Lightweight Traverse), that is controlled by Floware. The highest resolution of the 
LDA system is 0.13mm/ s, and the probe can be positioned with an accuracy of 0.05mm. To 
increase the data rate, a small concentration (:s; O.Olg/l) of small particles (Merck Iriodine 
111) are added to the fluid. 
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4.3 Particle tracking velocimetry 

4.3.1 Principle 

One of the oldest velocity measuring techniques is Particle Tracking Velocimetry (in the 
sequence indicated by PTV), also referred to as low particle number density Particle Image 
Velocimetry (see e.g. Adrian [1]). This, to distinguish PTV from what is commonly known 
as Particle Image Velocimetry (PIV). Both methods have in common that the velocity field 
is determined from the displacement of particles in a moving fluid during a prescribed time 
interval. However, in the PIV method the mean displacement of a small group of particles 
is sought for, whereas PTV tracks the trajectories of individual particles. Furthermore, the 
PTV technique is usually restricted to low speed flows, whereas PIV allows for investigation 
of high speed flows (see e.g. Dracos [40]). 
The measuring principle is shown in Figure 4.2 for a 2 dimensional flow field. (Extension to 
3 dimensional PTV and PIV measurements is an active research area, see e.g. the book of 
Dracos [ 40]). The PTV method returns to the fundamental definition of velocity: 

... r s 
u = ~~~o b.t (4.5) 

where s is the displacement of a particle in a known time interval b.t = t2 - t1 . In the 
PTV experiments, the time interval has a finite value, and is determined by the recording 
mechanism. 

x 
Figure 4.2: Schematic of the PTV principle: the velocity of a particle is determined by measuring the 

displacement sin a prescribed time interval. 

The accuracy of a PTV system depends on a number of competing requirements. First, the 
added particles should accurately follow the fluid motion. For this, the density of the parti
cles has to be close to that of the fluid, and the particles should be small, but the accuracy 
of determination of the particle position decreases with particle size. Second, to obtain the 
'local' velocity, the displacement of the particle between two subsequent frames should be 
small, whereas the displacement accuracy increases with increasing displacement. Finally, 



Experimental methods 41 

the spatial resolution increases with the number of particles, whereas it diminishes the accu
racy of particle identification since image overlap increases. To avoid particle mismatching, 
the number density (the number of particles per unit volume, Pn = N /V, with N the number 
of particles in an observation volume V) should not be too high. The average inter-particle 
distance should be about four times the average particle displacement over two successive 
frames. 
Many PTV algorithms are proposed and used, in fact each group seems to have his own. In 
this study, the method FPTV developed by van der Plas and Bastiaans [ 15] is used. 

4.3.2 Particle tracking equipment 

Epoxy particles with density p = 1200kg/m3 and a diameter in the range 106 < d < 200µm, 
are used for seeding the polymer melt flow. The particles are prepared using a new principle 
developed by Jansen et al. [71]. To obtain a uniform distribution of the particles (0.07 weight 
percent), they are mixed within the melt in a corotating twin extruder, and pelletized before 
the actual experiments start. 
The experimental set-up used for PTV measurements is shown in Figure 4.3, and the com
ponents are listed in Table 4.2. On one side of the flow cell a 150 W lamp (Dedecool) is 
used as a continuous light-source. Two polarizers in sequence are used to control the light 
intensity entering the flow cell. At the other side a high-speed camera (Kodak 4540) is used 
as recording medium, the desired magnification is accomplished with the aid of a microscope 
(Zeiss SV-11 ). The high-speed camera and microscope are placed on a lab-jack (Newport 
271) and the total optical rail can be translated in the flow direction with a translation stage 
(Cleveland SM14). The particles in the flow block the light and, consequently, have a lower 
intensity than the background. The high-speed camera is controlled by the Motion analyzer 
(model 4540) from Kodak, which stores the images (256 x 256pixels ). For slow flows a sam
ple frequency of 60H z is taken and for faster flows 125H z. The Kodak Ektaprohs program 
saves the digitized images on a PC, which in a later stage are processed by the FPTV program 
[15]. For this particular set-up, the lowest resolution is estimated to be 0. 7mm/ s. 

I Device 11 Manufacturer I Type I 

Light 150 w Dedecool 
Microscope Zeiss SV-11 
High-speed camera Kodak 4540 

Table 4.2: Components of the optical set-up for Particle Tracking Velocimetry . 

Most studies that use the PIV or PTV technique, illuminate only a slice of the flow with a 
thin sheet of light, and record the scattered light from the particles with a medium placed 
perpendicular to this intersection plane. The flow cells in this study were less accessible for 
this approach and a more feasible solution is chosen. 
To avoid viewing of 'parasitic' particles near front and back wall, the microscope is focused 
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A B C 

D 
D 

F 

Figure 4.3: Optical set-up for particle tracking velocimetry. A 150 [W] lamp, B combination of two 
linear polarizers, C flow-cell, D microscope with high-speed camera, E lab-jack, F opti
cal rail, G translation stage. 

halfway the flow cell. Only particles in the depth-of-field region are sharp, whereas the 'par
asitic' particles are blurred and have a different intensity. With a correct setting of a minimal 
particle size, and grey value, the 'parasitic' particles are neglected. The depth-of-field is in 
the order of 1 mm, which is sufficient compared to the depth over which the velocity is nom
inally 2 dimensional (Appendix A). 

4.4 Flow induced birefringence 

4.4.1 Principle 

Birefringence or double refraction, refers to an optical anisotropic material. It is a result 
of the material structure and can appear in rest (e.g. calcite crystals), induced by flow (e.g. 
polymer fluids) or by applied forces (e.g. solid polymers). The optical anisotropy of such a 
material can be described by the refractive index tensor n: 

n = [~ n~1 ~ ] 
0 0 nu1 

(4.6) 

where n1, nn, nu1 are the principle refractive indices in the corresponding principle direc
tions. The 3 dimensional refractive index ellipsoid is visualized in Figure 4.4 in a Cartesian 
frame. The polarization state of a light-wave traveling in the z-direction will be effected only 
by the intersection of the ellipsoid in the plane perpendicular to the light wave direction (here 
the x-y plane), for further details, see e.g. the book of Fuller [50]. This intersection is called 
a secondary ellipse with secondary refractive indices n~ and n~1 , the difference is called the 
birefringence or double refraction ~n = n~ - n~1 . In general, the principle axes correspond
ing with the secondary refractive indices will not coincide with the fixed Cartesian laboratory 
frame, but are rotated by an angle x as indicated in Figure 4.4. In the birefringent medium, the 
single incident light wave can be split in two waves with electric field components mutually 
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x 

Figure 4.4: The three dimensional ellipsoid of an optically anisotropic material is pictured on the left, 
with principle refractive indices n I, n I I, n I I I. The polarization state of light traveling in 
the z-direction will be influenced by the ellipse, formed by the intersection of the ellipsoid 
by the x - y plane, and having the secondary refractive indices n~, n~1, as pictured on 
the right. 

orthogonally polarized in the two principle axes of the secondary refractive index ellipse. The 
light components will propagate with a different velocity through the birefringent medium in 
accordance with the secondary refractive indices: respectively v1 = .Jj- and v2 = +,with c 

n1 nu 

the velocity in vacuum. On exit of the birefringent medium, the two waves will have different 
phases. When the sample is homogeneous in the propagation direction of the light, the phase 
difference or phase retardance 6 is related to the birefringence by: 

(4.7) 

where >. is the wavelength of the light in vacuum, and d the path length in the birefringent 
medium. 
Jones and Mueller calculus are very useful to calculate the influence of media possessing 
anisotropy in the x - y plane, on the polarization state of light that travels in the z-direction. 
The optical elements are described by matrices, and the polarization state of the light by 
either the electric vector or the Stokes vector. In this thesis, Mueller calculus is used, the 
Mueller matrices for the most commonly encountered elements are given in Appendix B. 
The polarization state of a light beam after passing an optical element is given by: 

(4.8) 

in which Sin and Sout are (4 x 1) Stokes vectors of, respectively, the incoming and outgoing 
light beam, and M the 4 x 4 Mueller matrix of the optical element. For a homogeneous 
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birefringent sample, with retardation c5 and orientation x the Mueller matrix reads: 

[~ c~x +0s~xc6 s2xC2x~l - c6) -s~s2x] 
0 s2xC2x(l - c6) s~x + ~xc6 S6C2x 
0 86S2x -S6C2x C6 

M(c5, x) = (4.9) 

where so: and Ca: are abbreviations for respectively sin a and cos a. For an extensive treatment 
of the Stokes vector and Mueller matrices the reader is referred to the text books of Azzam 
and Bashara [8], and Fuller [50]. 

4.4.2 Varying optical properties 

The framework of the Mueller calculus treats only elements with constant optical properties 
in the traveling direction of the light. Modified forms of the framework can be used to an
alyze materials with optical properties that vary along the propagation direction of the light, 
as is the case in all confined flows. One of these forms is the differential propagation matrix 
theorem put forward by Azzam [7], see also Azzam and Bashara [8], and Fuller [50]. 

d 

Sin S(zl 1~(z+~z) Sout lightr~ys 
~ 

YL - ... M(z.~) 

z 
z z+~z 

Figure 4.5: Light traveling through a sample with axial varying optical properties. 

A medium with varying optical properties in axial direction is shown in Figure 4.5. Using 
Mueller calculus, the Stokes vectors at z and z + .6..z are interrelated by: 

S(z + .6..z) = M(z, .6..z) · S(z) (4.10) 

where M(z, .6..z), is the Mueller matrix of a thin slab of the medium located at coordinate 
z and with incremental thickness .6..z. For the limit .6..z -t 0, the differential propagation 
Mueller matrix m is obtained: 

dS 
dz = m(z) · S(z) (4.11) 

m characterizes the incremental change in the polarization state of the light propagating 
through an infinitesimal slab of material at coordinate z. It is defined by: 

( ) I.. (M(z, .6..z) - I) m z = im 
..:lz-+0 .6..z 

(4.12) 
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Analytical solutions for m(z) exist only in special cases. As indicated by Azzam [7], a gen
eral procedure that can be applied involves the division of the medium into a sequence of 
slabs such that m can be considered approximately constant within each slab. This also im
plies, that the Mueller matrix of each individual slab is constant. Than the Mueller matrix of 
the composite sample, that relates the Stokes vector leaving the sample (Bout) to the entering 
Stokes vector (Sin), is the product of the individual elements: 

(4.13) 

With N the total number of slabs, each having a thickness d/ N. Hence, Equation 4.10 is used 
directly. It is shown by Hurwitz and Jones [68] that the Mueller matrix of such a composite 
sample, that only consists of retarders and rotation matrices, can be represented by : 

Mtot = ( R( -xt)P ( 8t)R(Xt)) R( 0) (4.14) 

where R(xt) represent an optical rotator (see Appendix B), and P(8t) represents a pure re
tarder. Thus the term in between the brackets presents a birefringent medium with retardation 
8t and orientation angle Xt· The extra rotation matrix R( 0) is introduced when the three di
mensional sample is not symmetric along the propagation direction of the light-beam. For a 
flow confined by two stationary walls this rotation matrix equals the unity matrix. 
A special case occurs when the total retardation of the entire sample is small (8t « 1). In 
that case the influence of the optical rotator R(B) can be neglected (Galante [53]), and the 
composite sample takes the form of a pure retarder. The Mueller matrix can be written as: 

(4.15) 

This result has been found by Leray and Schiebling [89], and used in the studies of Galante 
[53] and Li and Burghardt [91]. 

4.4.3 Flow induced birefringence of polymers 

Birefringence in polymeric systems originates from the difference in polarizability of a poly
mer chain along its backbone and perpendicular to that. It is shown by Kuhn and Grun [81] 
that the refractive index tensor n for a flexible polymer chain, in which each segment has an 
uniaxial polarizability, is proportional to the second-moment tensor of the orientation distri
bution of the end-to-end vector of the chain (~n rv< RR > / < R2 >0). (the derivation 
can also be found in, for instance, the text books of Janeschitz-Kriegl [70], Fuller [50], and 
Larson [85]). In rest, polymer chains are randomly orientated, and no net birefringence is 
observed. However, when subjected to flow an average orientation and extension of the poly
mer chains results and flow induced birefringence occurs. 
The stress tensor for a Gaussian chain is, in a bounded region, linear dependent on < RR > 
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(Bird et al. [20], Larson [85]), and this similarity between the stress and refractive index 
tensor gives rise to the semi-empirical stress optical law: 

(4.16) 

This law states that the deviatoric part of the refractive index tensor (nd = n - ktr(n)I) is 
proportional to the deviatoric part of the stress tensor (ud = u - itr(u)I). They are related 
via C, the stress optical coefficient. 
Although the theories for molecular optics and polymer physics are developed using a number 
of assumptions, the stress optical law is found to apply in many experimental observations for 
polymer melts and concentrated solutions by measuring both birefringence and macroscopic 
stress in well defined viscometric flows. Janeschitz-Kriegl and coworkers [70] were one of 
the first to measure the stress optical coefficient in a number of shear flows, and recently 
Kotaka et al. [78] showed for two polymer melts (LDPE and PS), for a range of elongational 
rates, the stress optical rule to hold in elongational flow. Fuller [ 49] report a deviation from 
the stress optical law for dilute solutions. It is generally agreed, that the law breaks when 
polymer orientation and stretching saturates, which is likely to occur in strong extensional 
flows. 
Further, it is found that the stress optical coefficient C is independent of deformation rate, 
molecular weight and molecular weight distribution. However, it does depend on the monomer 
unit identity, and slightly on temperature and optical wavelength (see e.g. Lodge [92]). 
The stress optical law only applies for the polymer contribution to n and iT, for dilute so
lutions also birefringence is present stemming from a refractive index difference between 
solvent and polymer. For concentrated solutions, as investigated in this study, this effect can 
be neglected. 
In a planar complex flow, with a light beam propagating in the neutral direction, the optical 
properties of the birefringent polymer fluid along the neutral direction are constant. The ori
entation of the principle axes of the refractive index tensor will not coincide with the fixed 
laboratory frame, but are rotated by an angle x. The stress components in the Cartesian 
laboratory frame are then related by (using the stress optical law): 

Txy = 
D.n . 2 
2Csm X (4.17) 

N1 
D.n 

= ccos2x (4.18) 

or, when Equation 4. 7 is substituted: 

8A . 
2 Txy = 47rdC sm X (4.19) 

8A 
N1 = 27rdC cos 2x (4.20) 

4.4.4 Flow birefringence measurement techniques 

A number of different optical systems have been developed to measure birefringence, most of 
them are described by Fuller [50]. The oldest and simplest are the fieldwise isochromatic and 
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isoclinic methods. These can be applied when the phase retardation passes multiple wave
lengths of the light, and is used for the investigation of melts. In the last decade, more sen
sitive techniques have been developed that can accurately measure pointwise low retardation 
levels, and expand the range of materials that can be investigated. One of these techniques 
is the polarization modulation technique of Fuller and Mikkelsen [52], which is used in this 
study for polymer solutions. 
Before going into the details of each technique, it should be noted that they all measure the 
retardation 6 and/or orientation angle x of the birefringent sample, but result from different 
components of the Mueller matrix as is indicated in Matrix 4.21. 

M(O,x) = [~ 
0 

~x+ s~xco 
s2xC2x(l- ci;) 

0 
s2xC2x(l - ci;) 
s~x +~xco 

(4.21) 

The components indicated in the central light grey box are measured in isoclinic experiments, 
in the bottom right intermediate grey box indicates the isochromatic experiment, and the dark 
box the pointwise measurements. Expansion of the cos(c5) and sin(c5) terms into their power 
series, shows that the components indicated in the dark box are the only ones feasible for 
measurements of small retardations. 

4.4.5 Fieldwise birefringence measurements 

c 

D 
G H 

Figure 4.6: Optical set-up for flow induced birefringence measurements for polymer melts. A laser 
with beam expander, B combination of two linear polarizers and a quarter wave plate, C 
flow-cell, D combination of quarter wave plate and linear polarizer, E microscope with 
camera, F lab-jack, G optical rail, H translation stage. 

The optical set-up for measuring fieldwise birefringence is shown in Figure 4.6. On one 
side of the flow-cell a monochromatic light-source is placed, the light-beam is polarized by a 
combination of a polarizer and quarter wave plate (placed at an orientation angle of 45° with 
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respect to the polarizer). On the other side of the flow cell an analyzer (combined quarter 
wave plate and polarizer, orientation angle respectively 135° and 90° with respect to the first 
polarizer) is situated. The observed intensity signal ( = ~ (M ( 1, I) - M ( 4, 4))) is described 
by: 

lo . 2 6 
1 =-sin -

2 2 
(4.22) 

with 10 the intensity of the light-source, and 6 is the retardation. Extinction of the light is 
observed when the retardation equals a multiple of 27r, 6 = ±k27r, with k = 0, 1, 2, .... The 
observed dark lines are called fringes and k the fringe order. Equation 4. 7 shows that they 
reflect a birefringence level and depend on the depth of the sample and the light wavelength, 
and are therefore called isochromatics. The method is based on high birefringence levels, 
and therefore applicable for polymer melt flows. For comparison to computations the stress 
optical rule is used. For (2 dimensional) planar flows it follows: 

.6.n = c.J4r2 + N2 
xy 1 (4.23) 

Thus, the fringes present discrete levels of equal stress. 
A similar polariscope is often used to determine the orientation angle of the birefringence 
tensor (x), relative to the laboratory frame. The flow cell is than placed between two crossed 
polarizers, and the observed intensity reads: 

(4.24) 

with a the orientation angle of the first polarizer. So, besides extinction due to the retardation, 
also extinction occurs when the orientation angle of the birefringence tensor equals a. These 
lines are called isoclinics. 
When both measurement techniques are applied to a planar flow, and both the retardation 6 
and orientation angle x are known, the isochromatics can be decomposed into the contribu
tion of the shear stress and first normal stress difference using Equations 4.19 and 4.20. The 
measurement of the isoclinics is inaccurate, see for instance McHugh et al. [I 05] and tedious. 
Moreover, as is shown in Appendix C for a slit flow, end-effects have a large influence on iso
clinics which makes a quantitative interpretation difficult or even impossible. Therefore, here 
only isochromatics are measured for comparison to numerical simulations. 

The optical components are listed in Table 4.3. In most studies that apply the FIB technique, 
a combination of a high intensity mercury lamp and filter is used as monochromatic light 
source. Light-rays diverge from the lamp, and most of the light intensity is lost. More seri
ous is that this influences the birefringence measurements since they result from the integral 
effect along the light-beam paths. Here a IOmW HeNe laser (Uniphase 1125P) is applied 
in combination with a beam expander, to produce a parallel light beam with a diameter of 
15mm. Moreover, without the beam expander, the laser beam offers the possibility for align
ing the optical components very precisely. 
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Between laser and the first polarizer, an extra polarizer is placed to control the light intensity 
10 without interfering with the settings of the other optical components. The fringe patterns 
are monitored with a microscope (Zeiss SV-11) and camera (Nikon F2). The optical com
ponents on either side of the flow cell are placed on lab-jacks (Newport 271) , which are 
mounted on an optical rail. With a translation stage (Cleveland SM14) the optical rail can be 
translated parallel to the flow direction. In this way a sequence of photographs can be made. 

I Device II Manufacturer I Type 

Laser 633nm, lOm W Uniphase 1125P 
Polarizer Meadowlark Optics DPM-1.5-HN38s 
Quarter wave plate 633nm Meadow lark optics A103 
Beam expander (10 x) Edmund Scientific A61,384 
Microscope Zeiss SV-11 
Photo camera Nikon F2 

Table 4.3: Components of the optical set-up for fieldwise flow induced birefringence measurements. 

4.4.6 Pointwise birefringence measurements 

Figure 4.7: Optical·trainfor pointwise birefringence measurements. P=linear polarizer, R=rotating 
~>.plate, L=collimating lens, FC=fiow cell, Q=quarter wave plate, D=detector. 

The birefringence levels in the flow of polymer solutions are often too low for applying the 
aforementioned fieldwise birefringence method. More accurate techniques are necessary. 
Here, we use is the Rheo Optical Analyzer, developed by Fuller and Mikkelsen [52]. Both 
retardation 8 and orientation angle x can be measured simultaneously by using a rotating half 
wave plate as signal modulator. The measurement system is shown in Figure 4. 7. A laser 
is used as monochromatic light-source, of which the intensity is controlled by two linear 
polarizers in sequence. The intensity is modulated by a rotating half wave plate, after which 
a lens focuses the beam into the flow cell. A combination of a quarter wave plate and linear 
polarizer in sequence are used as analyzer (orientation angle respectively 135° and 90° with 
respect to the second polarizer). The intensity signal observed at the detector reads: 

1 . 
1 = 4lo(l + Ri sm(4wt) + R2 cos(4wt)) (4.25) 

with 10 : the intensity of the laser 
R1 = M( 4, 3) : the in-phase component of the intensity 
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R2 = M( 4, 2) : the out-phase component of the intensity 
w : rotation frequency of the 4 .A plate 

For a homogeneous sample, characterized by Matrix 4.9, the intensity signals read: 

R 1 - cos(2x) sin(c5) 

R2 = sin(2x) sin( 8) 

From the two last equations it follows that: 

1 ( R2) x = -arctan --
2 Ri 

c5 = sign(Ri)V Ri + R~ 

Chapter4 

(4.26) 

(4.27) 

(4.28) 

(4.29) 

with the assumption that x E [-~, ~]. Equations 4.19 and 4.20 can be used to convert the 
optical signals into shear stress and first normal stress difference. 
For a sample with varying optical properties and small total retardation, as will be investigated 
in Chapter 6, the intensity signals are related to the components of the composite Mueller 
Matrix 4.15 by: 

R1 = M,.,( 4, 3) -
2
; 1d Ll.n cos 2x dz (4.30) 

R 2 = M,0 ,(4,2) = 
2
; 1d Ll.n sin2xdz (4.31) 

with d the sample thickness. Substituting Equations 4.17 and 4.18 for each thin slab of 
material, gives the relation between intensities and stresses: 

(4.32) 

(4.33) 

So, the two measured intensities can be compared with the integrals of the computed local 
stresses. 

The optical components are listed in Table 4.4. The system is similar to the one used by 
Baaijens [11], [12], except for a few adjustments. The original diode laser was replaced with 
a HeNe laser, and a combination of a linear polarizer and quarter wave plate is used rather 
than a circular polarizer. It must be noted that the half wave plate is not adjusted in accordance 
with the wavelength of the HeNe laser. However, the applied wave plate is of first order, and 
it can easily be shown that a small deviation from the half wave plate will introduce an error 
in the optical intensity of cos(2w) and, therefore, will not contribute to the intensity signals 
used for the birefringence analyses. 
The half wave plate is rotated by an electro-motor at a frequency~ IOOH z. The motor is 
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controlled by a separate hardware unit (Optical Analyzer Controller) that also transmits the 
rotation frequency of the wave plate (measured with an encoder disc externally mounted on 
the wave plate device). All optical components are mounted on an optical rail. This rail is 
fixed on a XY-traverse Table (Parker Daedal, 106042 P-1 OE-LH), which is driven by two 
stepper motors (OEM 57-83). The system can be translated with an accuracy of~ 0.lµm. 
Experimental settings and data-acquisition are performed by the ROA software, which is 
implemented in the package LABView on a personal computer. Also the traverse Table is 
controlled, which was not part of the original system but incorporated by Kruijt [80]. 

I Device II Manufacturer I Type 

Laser 633nm, lOm W Uniphase 1125P 
Polarizer Meadowlark Optics DPM-1.5-HN38s 
half wave plate Melles Griot 02WRQ023 
Quarter wave plate Meadowlark optics A103 

Table 4.4: Components of the optical set-up for pointwise flow induced birefringence measurements. 

4.4. 7 3 Dimensional flow effects 

The Flow Induced Birefringence measuring techniques described in the previous sections 
are based on two dimensional flows. For any practical flow, the required viewing windows 
will introduce end effects, making the flow essential 3D. Define a flow channel with height 
h in y-direction, flow direction along the x-axis, and depth d in the light-beam propagation 
direction (z-axis). The middle section of the flow along the depth will approximate the ideal 
2 dimensional case, and only two velocity gradients are nonzero: ~ and ~. Further, 
the measurable birefringence stems from the shear stress Txy and normal stress difference 
Nxy = Txx-Tyy• resulting from these gradients. The no-slip condition at the viewing windows 
introduces two effects: 

• The 2 dimensional velocity gradients, and their resulting stresses indicated above, will 
vanish. 

• The velocity gradient ~ will differ from zero, and gives rise to a shear stress Txz and 
extra normal stress differences. Only the normal stress difference in the x - y plane 
(Nxy) will result in an additional birefringence. 

As the birefringence measurements are the result of the integrated optical effect along the 
light-beam path, both competing effects influence the birefringence measurements. The flow 
should be treated as one with varying axial optical properties as described in Section 4.4.2. 
The flow is symmetric in the propagation direction of the light, and thus the Mueller matrix 
of the composite sample has the structure of a pure retarder (the extra rotation matrix is unity 
in Equation 4.14 ). The effects of the 3D character of a flow can be investigated by performing 
3 dimensional simulations. Using the stress optical law, the optical properties can be derived 
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and the Mueller matrices of thin slabs of material constructed. Next, the overall Mueller ma
trix of the composite sample (Equation 4.13) can be computed. To date, numerical difficulties 
prevent such a computation for an arbitrary complex viscoelastic flow 1• 

A number of studies have been performed on the influence of end effects on birefringence 
measurements of low birefringent materials (mostly solutions). Experimentally, the studies 
of Baaijens [11], [12] and Rajagopalan et al. [129], are of interest. Rajagopalan measured 
stresses both mechanically and optically, in a Couette device, and found the optical measured 
stresses to be 7% higher than the mechanically measured stresses. Baaijens showed excellent 
agreement between predicted and optically measured stresses for a flow of a PIB/Cl4 solu
tion around a cylinder. Others, theoretically investigated the influence of end effects using 
the small retardation approximation. Galante [53] found a maximum deviation of 7% for 
the retardation of an UCM fluid in a slit flow with an aspect ratio of 10, and a decreasing 
difference including shear thinning behavior. However, the extra contribution to Nxy near the 
confining walls was not taken into account in his study. This component was accounted for 
in the study of Burghardt and Fuller [28], who investigated an UCM fluid in a Couette flow 
device. They found that, at one position between the rotating cylinders, the optical properties 
were independent of the Weissenberg number. The deviation for the retardation was consid
erable c~ 10% for an aspect ratio of 10), whereas the difference for the orientation angle at 
that position equals 0. They also noted that when the retardation passes through multiples 
of 7r, end effects dominated the optical observations but they did not investigate this in more 
detail since they kept the total retardation of the fluid constant at 0.5. It can be concluded that, 
for low birefringent materials, the deviation in birefringence measurements will be maximum 
10% for aspect ratios of 10. 
For highly birefringent polymer melts, frequently the early study of Wales is cited as experi
mental evidence that end effects in birefringence experiments are negligible for channels with 
aspect ratios exceeding 10. He measured, however, the optical properties in the x - z plane, 
thus with the light-beam propagating in the y-direction. Kajiwara and coworkers numeri
cally integrated the calculated 3 dimensional shear stress and first normal stress difference 
along the light-beam path in a fully developed 3 dimensional slit flow. The averaged stresses 
showed better agreement with the optical measurements but, since the small retardation ap
proach is not valid, this approach is questionable. Galante [53] used a 'sandwich' model to 
investigate end-effects in respectively a Couette device and a slit flow. In this model, the 
3 dimensional flow is approximated by a 2 dimensional inner core surrounded by two edge 
regions with constant optical properties. Besides the coarseness of the approach, the studies 
neglect the extra contribution to Nxy in the edge regions. It can be concluded that, to date, the 
influence of end-effects on measurements of a highly birefringent material is not thoroughly 
investigated in a theoretical way. 

In this context a few other studies are of interest, involving birefringence measurements of 
axi-symmetric flows of small total retardation. Cathey and Fuller [29] used an inverse method 
to determine the local birefringence level at the stagnation point of an opposed jets device 
from retardation measurements along the symmetry plane. Li and Burghardt [91] investi-

1 Recently, 30 viscoelastic simulations became available in our group [22] 
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gated a more complex axi-symmetric geometry, and compared integrated optical properties 
rather than stresses. These studies show the quantitative application of the modulated bire
fringence method to non-planar complex flows. 
Further, it should be noted that studies have been performed on the development of 3 di
mensional flow birefringence techniques (Horsmann and Merzkirch [65], McAfee and Pih 
[104], Pindera and Krishnamurthy [126]), actually to measure the velocity gradients instead 
of stress. The optical properties of scattered light are observed in a plane perpendicular to 
the illuminating light. However, numerous assumptions are made to relate the observed mea
sured optical properties to local flow phenomena and, therefore, the method does not seem 
to be applicable straightforwardly to investigate an arbitrary complex flow in a quantitative 
way. 

In this thesis the 3D end-effects will be studied by applying full 3 dimensional flow sim
ulations, in which the velocity and stress calculations are decoupled. The velocity field is 
computed with a generalized Newtonian model, assuming that the kinematics of the flow 
field are not too much influenced by the elastic stresses in the fluid. In case of fully devel
oped stationary slit flow these simulations give the correct flow kinematics. The stress field 
is, accordingly, calculated with viscoelastic models, using the deformation history derived 
from the velocity field. 

4.4.8 Beam deflections 

Beam deflections influence FIB measurements since they are the integrated result along the 
light beam path. Deflections occur when the light beam encounters gradients in refractive 
indices in the plane perpendicular to the light propagation direction. This is known as the 
Schlieren effect. A general discussion and review of the Schlieren effect is given by Prast 
[127]. 
In polymer fluids, beam deflections can result from two sources. Obviously, in any non
homogeneous flow spatial gradients in the refractive indices will intrinsically be present due 
to flow birefringence. Secondly, temperature gradients in the flow will cause locally different 
fluid densities, which in tum results in refractive indices gradients. Both effects can be ne
glected in the studies of low viscous polymer solutions, but can become important in polymer 
melt flows._ A short literature review is given below on studies that observed beam deflections 
in studies of viscoelastic flows. 

Only Galante [53] mentions the possible influence of stress induced beam deflections on the 
FIB measurements, but found it to be negligible compared to thermally induced beam deflec
tions in his case. 

Many studies of nominally isothermal viscoelastic flows, have cited thermally induced light 
beam deflection as a major source of difficulty in their experiments, see e.g. Table 4.5. Bjom
stahl [21] was the first who pointed to this complex problem and gave an extensive theoretical 
treatment for the case that temperature gradients are created by frictional heat produced in a 
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I Reference II Year I Geometry I Fluid I Temp. [°C] I 
Bjomstahl [21] 42 cc OA RT 
Janeschitz-Kriegl [69] 69 cc DS RT 
Janeschitz-Kriegl [70] 83 CP PS 170 
Aldhouse [ 4] 86 WP7.6:1 LDPE 170 
Galante [53] 91 P4:1 PDMS RT,23 

Table 4.5: Studies that observed a beam deflection due to temperature gradients in the flow. CC= 
concentric cylinder setup, CP =cone-plate rheometer, P4:1 =planar abrupt four-to-one 
contraction, WP7.6:1 =wine-glass shaped planar 7.6tol contraction, OA = octylalkohol, 
DS =dilute solution, PS= polystyrene, LDPE =low density polyethylene, PDMS =poly
dimetylsiloxane fluid, RT= room temperature. 

Couette flow of a Newtonian fluid. When both, the inner and outer cylinders of the device, 
were equally well thermostated, a temperature maximum was build up exactly at the center 
of the gap. Correspondingly a minimum index gradient was found at the center, so that the 
liquid flow acted as a negative lens. Consequently, light rays entering the gap near the center 
experienced less refraction, than light rays entering closer to one of cylinder surfaces. With 
increasing shear rate a larger portion of the parallel light beam was reflected from the walls. 
Janeschitz-Kriegl [69] remarked that for optical paths lengths ranging from 50 up to lOO(mm], 
commonly used in Couette flow devices for polymer solutions, temperature differences of the 
order of 0.1 ~~ can cause sufficient deflection to prevent the light beam from passing through 
the Couette device without hitting a lateral wall. Further he proposed a way of suppressing 
the maximum temperature in the center of the gap, by applying a slow convection stream in 
axial direction. In another study, Janeschitz-Kriegl [70] investigated the stress-optical coeffi
cient of a polystyrene melt in a cone-plate apparatus at l 70°C. Above a critical shear stress 
the experiments had to be stopped as the quality of the light beam was influenced by frictional 
heating. 
Aldhouse et al. [4], who investigated a planar contraction flow of an LDPE melt, experi
mentally found that it was essential to match the temperature of the material and surrounding 
metal walls within 0.5°C in order to obtain high quality birefringence patterns. As was in
dicated in a accompanying paper by Mackley and Moore [96], the temperature field was 
checked using thermocouples insertion points. The deflection of light was particularly appar
ent at high flow rates near the walls of the slits and, consequently, a dark region appeared. 
The centerline region, however, was not modified by this effect. Galante [53] measured beam 
deflections along the centerline of a four-to-one contraction flow of a PDMS fluid. He found 
deflections in the upstream direction, i.e. opposite to the temperature gradients caused by 
extension. 
Most of the cited studies, investigated a flow with uniform deformation field and therefore 
were mainly interested if the deflected light beam would leave the apparatus without hitting a 
lateral wall. In a complex flow, however, the interpretation of birefringence measurements is 
not straightforward anymore. A deflected light-beam will experience a different stress field 
than an undeflected beam. Galante [53] addressed this problem by introducing, making a 
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number of assumptions, a new dimensionless number to determine the relative importance of 
thermal effects in birefringence effects. This so called dissipation number Nd, represents the 
ratio of thermally induced beam deflections to a characteristic dimension of the flow. Other 
dimensionless numbers for non-isothermal effects (Br, Pe), are based on global instead of 
local temperature changes, which are far less sensitive to temperature changes. Depending 
on the type of flow a critical value of Nd was defined, for the investigated contraction flow 
experiments were carried out up to Nd < 0.1. 

Clearly, beam deflections can influence the FIB measurements to a large extent, as with any 
optical technique. As the deviation from original path of the light-beam is strongly material 
and flow dependent, no estimation of the influence on the experiments can be made a priori. 
In this study it is expected that these effects are negligible on polymer solutions, but can 
become important for the polymer melt, due to viscous heating and high stress gradients and 
therefore will be examined more closely later on. 

4.5 Discussion 

This chapter discussed the experimental techniques that are used for obtaining velocity and 
stress data in complex flows. For the polymer solution, two sensitive techniques are used: 
the differential Doppler technique for pointwise velocity data and a modulated flow induced 
birefringence method for spatially resolved stress measurements. In case of the polymer melt, 
more robust but less accurate techniques are used: particle tracking velocimetry and fieldwise 
flow induced birefringence for measuring velocity and stress fields, respectively. 
The physical background was treated and the experimental set-ups given. Most studies em
ploy the flow induced birefringence technique for nominally 2-dimensional flows, as it is 
the resultant of the integral effect along the light-beam path. It is shown how 3-dimensional 
flows should be handled in general, and samples with a small total retardation as a special 
case. The latter is employed for investigation of the cross-slot flow (depth to height ratio of 
2) of the polymer solution, Chapter 6. The complex flows of the polymer melt (Chapter 7) 
are nominally planar. The influence of end-effects on the birefringence measurements will 
be numerically investigated for a slit flow, since such a study has not been performed for 
materials with a high total retardation. Also the influence of possible light-beam deflections 
on the measurements is investigated. 
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5 Materials characterization 

5.1 Introduction 

The rheological characterization of the polymer melt (LDPE) and solution (Pib/Cl4) is pre
sented. Both shear and elongation experiments are performed on the melt (Section 5.2); the 
solution is characterized is simple shear only (Section 5.3). 
Multi-mode versions of a Maxwell model are used to describe the linear viscoelastic proper
ties. Giesekus and Phan-Thien Tanner models are selected to capture the non-linear behavior, 
since they showed better results than others in a number of studies on various flow types (see 
e.g. Armstrong et al. [6], Baaijens [11], Larson [85], Tas [138]). Parameters of the constitu
tive equations are fitted on steady shear measurements and elongational data when applicable. 
The exponential form of the PTT model is used for the polymer melt, whereas the linear form 
is applied for the polymer solution. For the polymer solution, also a generalized Newtonian 
model (Carreau-Yasuda) is used to describe the steady shear viscosity. 

5.2 LDPE polymer melt 

The material investigated is a commercial grade low density polyethylene (DSM, Stamylan 
LD 2008 XC43), which was also investigated in two earlier studies (Baaijens [11], Tas [138]). 
Some of the properties are shown in Table 5.1. The material is characterized in simple shear 
and uniaxial elongation. The material functions measured and apparatuses used are given in 
Table 5.2. Results are compared with values from the literature (Tas [138]). 

grade Melt Index Mn Mw Mz Density Tc 
dg/min kg/m3 oc 

Stamylan LD 2008 XC43 8 13000 155000 780000 920 98.6 

Table 5.1: Material characteristics of the investigated LDPE melt. Tc is the crystallization tempera
ture. 

The samples are prepared by compression moulding pellets at 170°C applying a pressure of 
3 · 105 Pa for 5 minutes, followed by a pressure of 6 · 106 Pa for 5 minutes. The samples are 
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allowed to cool to room temperature at a pressure of 6 · 106 Pa. Table 5.3 lists the sample 
dimensions for the different experiments. 

Experiment Material function Apparatus 

Linear Viscoelastic 

Dynamical Loss modulus G" ( w) Rheometrics 
mechanical Storage modulus G'(w) RDS II 
spectroscopy 

Shear 

steady flow viscosity rkt) Rheometrics 
first normal stress difference N1 ( 'Y) RMS 800 

start-up flow viscosity 'T/+ ( t, 'Y) 
first normal stress coefficient 'l/Ji(t, 'Y) 

cessation flow viscosity TJ-(t, 'Y) 
first normal stress coefficient 'l/J1 (t, 'Y) 

Uniaxial elongation 

start-up flow viscosity TJ;I" ( t, i) Rheometrics 
RME 

Table 5.2: Type of rheological characterizations peiformed on the WPE melt. 

Experiment geometry sample dimensions Temp [°C] characteristics 
Linear plate/plate diameter = 25 mm 110-210 w = 0.1 - 500Hz 
Viscoelastic thickness= 2 mm 'Y = 103 
Shear cone/plate diameter = 25 mm 190 'Y = 0.1 - 10s-1 

cone angle= O.lrad 
Uni axial rotating clamps length = 55 mm 120 f_ = 0.03 - ls-1 

elongation width= 7 mm 
height = 1.5 mm 

Table 5.3: Characteristics of the rheological experiments on the LDPE melt. 

5.2.1 Dynamic experiments 

Dynamic experiments were performed on a Rheometrics RDS II at 6 different temperatures, 
T = 110, 130, 150, 170, 190 and 210°C, in a frequency range, w = 0.1 - 500H z. The ma
terial functions are shifted to a master-curve at reference temperature 190°C using the time
temperature superposition principle (Ferry [46]). · The horizontal shift factor ar(T, Tref) 
follows from the loss angle (8), and the vertical shift factor br(T, Tref) from the dynamic 
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Figure 5.1: Shift factors ay (left) and by (right) determined from dynamic experiments (Equations 5.1 
and 5.2), also shown are the Arrheniusfits (5.3) together with the parameters A and B. 
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Figure 5.2: Master curves of the dynamic material functions of the LDPE at Tref = l90°C. The 
dynamic modulus G d and loss angle & on the left, and the loss and storage modulus G" 
and G' together with a 4- and 8-mode Maxwell fit on the right (see Section 5.2.5). 

modulus (Gd): 

8(w, T) = 
Gd(w, T) 

8(way, Tref) 

brGd(way, Tref) 

The shift factors are shown in Figure 5.1, they are fitted with an Arrhenius equation: 

A(l. __ 1_) 
ay = e T Tref ' 

B(l. __ 1_) 
by= e T Tref 

(5.1) 

(5.2) 

(5.3) 

in which A = ~~'with Ra(= 8.314kJ/(K · kmol)) the universal gas constant and EA the 
material dependent flow activation energy. The values of the constants A and B are also given 
in Figure 5.1. The measured Gd and 8 are close to the literature values (Tas [138]). 



5.2.2 Steady shear 

Steady shear measurements were performed on a Rheometrics RMS 800, at a temperature 
of 190°C, at 6 different shear rates, i' = 0.04, 0.1, 0.25, 0.63, 1.0, 1.6, 4.0, 10, 25s-1. The 
values are shown in Figure 5.3 together with data from the literature (Tas [138]). Here a 
small deviation from literature values is observed for the steady shear viscosity. As the range 
of shear rates covered with a cone-plate geometry is limited, also capillary data from Tas are 
plotted. In Figure 5.4 the steady shear data are compared to the empirical Cox-Merz [32] and 
Laun's rule [87]. The values following from both rules are lower compared to those of the 
steady shear experiments, although it seems that the results from dynamic experiments agree 
better with the steady viscosity results from this study than from literature. 

o : RMA-800 (c/p) 
x: literature (c/p) 
+:literature (cap.) 

- Giesekus (a =0.29) 
- - PTTa-1 (E .~ =0.15,0.08) 
- -PTTa-2 (E .~ =0.004,0.08) 

10
6 
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- - PTTa-2 (E .~ =0.004,0.08) 
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10 y·, co [s-1] 10 y", co [s-l] 

Figure 5.3: Steady shear viscosity (left) and first normal stress difference (right), together with pre
dictions of the Giesekus and PITa models, at T = 190°0. The dotted line indicates linear 
viscoelastic behavior. 
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Figure 5.4: Comparison of steady shear measurements to empirical rules that correlate dynamic to 
steady experiments. For the shear viscosity the Cox-Merz rule is applied (left) and for the 
first normal stress coefficient Laun's rule (right). 
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5.2.3 Start-up and cessation 

Giesekus 
- : 8-modes 

- -:4-modes 

Giesekus 
- : 8-modes 

- - :4-modes 
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Figure 5.5: Transient shear viscosity (left) and.first normal stress difference (right) after start-up of 
flow, together with predictions of the Giesekus model (top), the PTTa-1 model (middle) 
and PTTa-2 model (bottom), at T = 190°C. 

In Figure 5.5 and 5.6 the transient material functions are shown after start-up and cessation 
of shear flow. Material functions are shown only for~ = 0.1, 4, 10, 25s-1, since for lower 
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Figure 5.6: Transient shear viscosity (left) and.first normal stress difference (right) after cessation of 
flow, together with predictions of the Giesekus model (top), PTTa-1 model (middle) and 
PTTa-2 model (bottom) at T = 190°0. 

values the functions show linear viscoelastic response. Both viscosity and first normal stress 
coefficients show a maximum for the higher shear rates during start-up flow. 
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5.2.4 Uniaxial elongation 

Transient elongational experiments were performed on a Rheometrics RME apparatus, de
veloped by Meissner [109]. The sample is supported by a cushion of inert gas (nitrogen). 
As is shown in Figure 5.7, the material shows extensional thickening behavior but no steady 
state was reached at the extension rates investigated i.= 0.03, 0.1, 0.3, 1s-1• The maximum 
Hencky strain achieved equals 7 [-],and the experimental temperature was 120(0 0]. 

Figure 5.7: Measured (o) and predicted transient uniaxial elongation viscosity at T = 120°C. The 
dotted line indicates linear viscoelastic behavior. 

5.2.5 Determination of constitutive parameters 

Maxwell modes 

The nonlinear viscoelastic constitutive equations used are all based on a the upper convected 
Maxwell model. A multi-mode version of this model can accurately describe linear viscoelas
tic behavior. For a given number of modes, the optimal sets of relaxation times Ai and moduli 
Gi are determined with a Levenbergh-Marquardt algorithm (Zoetelief [159]). Given the dis
cussion concerning the Deborah number (Section 2.1), attention is payed that the average 
relaxation time following from the Maxwell modes (Equation 2.5) equals the relaxation time 
of the melt (Equation 2.4). In the sequence therefore, the two relaxation times introduced in 
Section 2.1 will be omitted. The Maxwell model yields: 

N G \2 2 
G' ='"'"' i/\iW 

L....t 1 + .A?w2 
i=l i 

(5.4) 

(5.5) 

where i indicates the contribution of the separate modes, and N is the number of the modes. 
The values of a 4- and 8-mode version are given in Table 5.4, the fits were already shown in 
Figure 5.2. For the 8-mode version the total spectrum covered by the dynamic experiments is 
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Maxwell parameters I Giesekus l PTTa-1 PTTa-2 

n Gi[Pas] -\i[s] 0: E, ~ E, ~ 
4 7.598. 104 2.097. 10-3 0.29 0.15, 0.08 0.004, 0.08 

1.664. 104 2.767. 10-2 

3.518. 103 2.711. 10-1 

3.174 · 101 2.474 · 10° 
8 1.826. 105 1.956. 10-5 0.29 0.15, 0.08 0.004, 0.08 

1.255. 105 7.510. 10-5 

6.916. 104 5.248 .10-4 

3.041. 104 2.879. 10-3 

1.600 · 104 1.254. 10-2 

7.516. 103 6.098. 10-2 

2.352. 103 3.576 .10-1 

2.814. 102 2.579 · 10° 

Table 5.4: Discrete relaxation time spectra, moduli and non-linearity parameters for the LDPE melt 
at the reference temperature T = 190°0. The viscosity weighted average relaxation time 
of both 4- and 8 mode versions is 0.93s (Equation 2.5). P1Ta-1 is fitted on steady shear 
data only, whereas P1Ta-2 also on elongational measurements. 

used to determine the modes. For the 4-mode version only data up tow = 2oos-1 are used, 
in order to obtain an accurate fit in the range of low frequencies. This limits the application 
of the 4-mode fit to flows with deformation rates not exceeding 200[ s-1 ], which is the case in 
all flows investigated in this study. 

Nonlinear parameters 

Next, the nonlinear parameters of the constitutive equations are determined. For the Giesekus 
model, which has only one parameter (a:) that controls nonlinearity, an optimal fit is obtained 
by minimizing the deviation from steady shear experiments with the function: 

N Nexp exp 
- "°'[( 1,j - l,j )2 + ( T/j - T/j )2] 

qs - L....t Nex_p ~xp 
j l,J T/3 

(5.6) 

where j indicates the individual data points. 
The Phan-Thien Tanner model has two adjustable parameters (E, ~). When E is small, ~ 
controls the nonlinear shear behavior and, therefore, Equation 5.6 is used to determine ~. 
The parameter E mainly controls the nonlinear elongation behavior, but also effects the first 
normal stress difference in shear. The E parameter is fitted in two distinct ways. First, to 
obtain an optimal fit for the steady shear data, using Equation 5.6; indicated with PTTa-1 
(E, ~ = 0.15, 0.08). In the second, E is determined with the uniaxial elongational measure
ments and indicated with PTTa-2 (E, ~ = 0.004, 0.08). As no steady state values are reached in 
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the elongational experiments, the determination off was done using the data of the transient 
results. The values of the parameters are listed in Table 5.4. 

Evaluation of models for viscometric functions 

The material functions predicted by the models were already shown in Figures 5.3 through 
5.7. The Giesekus and PTTa-1 model give similar results in steady shear that are both slightly 
better than the PTTa-2 model (Figure 5.3). The agreement with start-up shear data (Figure 
5.5) is the best for the Giesekus model, and the worst for the PTTa-2 model which shows 
oscillations (that do not show up in the PTTa-1 model). Also the shear viscosity during 
cessation of flow is best predicted by the Giesekus model (Figure 5.6), but the first normal 
stress coefficient is better described with the PTTa-2 model. Moreover, PTTa-2 is the only 
model that predicts the right order of the extensional thickening behavior (Figure 5.7), where 
the other models give maximum stresses that are one order lower. 
A small difference between the 4 and 8-mode versions is only noticeable for the start-up and 
cessation of shear flow data, Figures 5.5 and 5.6. It can be concluded that the PTTa-2 model 
shows the best overall agreement with the viscometric and elongational measurements. 

5.2.6 Predictions in planar elongation flow 

Since all complex flows, investigated in this study, are nearly planar flows, it is useful to show 
the predictions of the fitted equations in planar elongation. The results are presented in Figure 
5.8. Similar to the behavior in uniaxial elongational flows, the PTTa-2 model predicts a much 
higher tension thickening effect than the Giesekus model (factor 10). Also, the contributions 
of the independent modes can be clearly seen for this model. The PTTa-1 fit predicts a tension 
thinning behavior. 

1···~·,-, ........ (.~.:~·"-·;:.::;:;,. .. ., ... ::::-·~:·.::: ... ,_. 
i 
; 

Ci) ; 

~ 104L---....::·':'....1-------=-==-=-=-:::~---::i 
~ ------

- Giesekus, 4 & 8 modes 
- - PTTa-1, 4 & 8 modes 
- - PTTa-2, 8 modes 
· · PTTa-2, 4 modes 

Figure 5.8: Prediction of steady planar elongational viscosity for the LDPE melt with the Giesekus 
and PTTa models, at T = 190°C. 



5.3 Pib/C14 polymer solution 

The fluid investigated is a solution of 2.5%(w/w) polyisobutylene (Oppanol B200, BASF; 
Mw = 6 · 106) dissolved in tetradecane (C14). The fluids were prepared by dissolving poly
isobutylene (of size~ 0.5cm3) in ll bottles filled with solvent, stirred for one week at ambient 
temperature(~ 20°C). Similar solutions were investigated in the study of Baaijens [11] and 
Quinzani [128] (5%Pib/C14, Mw = 1·106

). We selected a higher molecular weight of the 
polyisobutylene component, in order to obtain a higher viscoelastic fluid. Quinzani showed 
that the critical concentration c* for polymer-coil overlap, equals (c* ~ 0.11%(w/w)) for 
their solution. Using the Bueche equation (Bastiaansen [16]), it follows that for our polymer 
solution c* is even lower (factor 6). 
Rheological characterization of the fluid has been performed by using a rotational viscometer 
(Rheometrics RFS-II). Steady and dynamic experiments were performed in simple shear1, at 
four temperatures. The material functions measured are given in Table 5.5 and experimental 
details in Table 5.6. 

Experiment Material function Apparatus 

Linear Viscoelastic 

Dynamical Loss modulus G"(w) Rheometrics 
mechanical Storage modulus G' ( w) RFS II 
spectroscopy 

Shear 

steady flow viscosity TJ ( 1) Rheometrics 
first normal stress difference N1 ( 1) RFSII 

start-up flow viscosity TJ+ ( t, 1) 

Table 5.5: Type of rheological characterizations performed on the 2.5% Pib/C14 solution. 

Experiment geometry sample dimensions Temp [°C] characteristics 
Linear cone/plate diameter= 50 mm 5-35 w = 0.1- lOOHz 
Viscoelastic cone angle= 0.0199rad 1' = 5% 
Shear cone/plate diameter = 25 mm 5-35 1 = 10 - 10os-1 

cone angle= 0.0199rad 

Table 5.6: Characteristics of the rheological experiments on 2.5% Pib/Cl4 solution. 

1 Also elongational measurements were performed at Shell Rijswijk, on a filament stretching device 
(Nieuwkoop (144]).Unfortunately, the properties of the Pib/C14 fluid were below the experimental range of 
the apparatus and no reliable data were obtained. 
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5.3.1 Dynamic experiments 
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Figure 5.9: Dynamic measurements together with 4-mode Maxwell fit at a reference temperature of 
Tref = 25°C (left). Arrhenius fit of the shift factors ar (right). 

Dynamic experiments were performed at four temperatures (T = 5, 15, 25, 35°C). A master
curve is created at a reference temperature Tref = 25°C. The dynamic shear experiments are 
presented in Figure 5.9, together with the Arrhenius fit of the shift factors ar. The dynamic 
modulus proved to be temperature independent in the experimental range, the vertical shift 
factor br, therefore, equals 1. 

5.3.2 Steady shear 

o RFS-11 
-Giesekus 
·-·-PTTb (~ * 0) 

PTTb (~ =0) 

10-2~-~--~--~2--~-~ 
10° y [s-1) 10 10

4 

o RFS-11 
-Giesekus 
- - PTTb (~ * 0) 

PTTb (~= 0) 
10-2'---"----'"----'----~--~-~ 

100 Y [s-11 102 104 

Figure 5.10: Steady shear viscosity (left) and first normal stress difference (right) of the 2.5% Pib/Cl4 
solution, together with predictions of the nonlinear constitutive equations, at T = 25° C. 

Steady shear experiments were performed at four temperatures (T = 5, 15, 25, 35°C), the 
master-curve is shown in Figure 5.10. The data of the first normal stress difference shows a 
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1 1q. [s-1] 

Figure 5.11: Cox-Merz rule and the Carreau-Yasudafitfor the 2.53 Pib/CJ4 solution at T = 25°C. 

large scattering at low shear rates, due to the low force signal. Figure 5.11 shows the Cox
Merz relation and similar to the LDPE results, the dynamic viscosity data are slightly lower 
than those from steady shear. 

5.3.3 Start-up 

Measurements of the transient viscosity are performed at the reference temperature only (T = 
25°C) for four shear rates (i' = 10, 30, 60, 100). For the lowest shear rate the viscosity is a 
monotonic increasing function in time, but for higher shear rates an increasing overshoot is 
seen, as is shown in Figure 5.12. For the first normal stress difference measurements were 
impossible due to strongly interfering oscillations in the transducer signal. 

5.3.4 Determination of constitutive parameters 

A four-mode Maxwell model is fitted on the complex viscosity function, using a Levenbergh
Marquardt algorithm. The parameters are given in Table 5.7 and the fits shown in Figure 
5.9. The nonlinear parameters in the Giesekus and Phan-Thien Tanner model are fitted on 
the steady shear measurements, using Equation 5.6. The linear form of the relaxation time 
function is chosen in the PTT model. Since the dynamic measurements cover frequencies 
up to 200 [s-1

] only, the parameters of the nonlinear viscoelastic models are fitted on steady 
shear data in the same range. Two fits are made for the PTTb model, one with parameter 
~ = 0, the other with ~ =/:- 0, in the sequence of this thesis they are denoted by PTTb-1, 
and PTTb-2. In Table 5.7 the parameters of the two models are given. The Giesekus and 
the PTTb-2 model (~ =/:- 0) fit the viscosity and first normal stress difference equally well. 
They start to deviate from measurements at shear rates exceeding i' = 200[s-1], due to the 
limited range covered by the Maxwell modes. The PTTb-1 model(~ = 0) provides the best 
fit of the viscosity, even at the higher shear rates, but gives a somewhat poorer description 
for first normal stress difference. Also the transient viscosity is predicted equally well by 
the Giesekus model and PTTb-2 model, Figure 5.12. Both show an increasing overshoot for 
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Figure 5.12: Start-up shear data of the 2.53 Pib/Cl4 solution together with predictions of the nonlin-

ear constitutive equations, at T = 25°C. Top left: Giesekus, top right: PTTb-1, bottom: 
PTTb-2. 

higher shear rates, which is also seen in the experiments. The PTTb-1 model predicts no 
overshoot. 
The steady shear viscosity is also described by a generalized Newtonian model, Carreau
Yasuda. It shows an excellent fit (Figure 5.11) with the parameters listed in Table 5.8. 

Maxwell parameters I Giesekus I PTTb-1 I PTTb-2 I 
n Gi[Pas] .-\i[s] a €, ~ €, ~ 
4 3.3 · 101 3.2. 10-3 0.3 0.8,0.0 0.42, 0.07 

9.6 · 10° 2.7. 10-2 

1.8. 10° 1.4. 10-1 

5.1. 10-2 4.9. 10-1 

Table 5. 7: Discrete relaxation time spectra and moduli and listing of the non-linearity parameters, for 
the 2.5% Pib/Cl4 solution at the reference temperature T = 25°C. The viscosity averaged 
relaxation time is 8.4 · 10-2 s. 
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_I Model l 7Jo [Pas] I Acy [s] I n I a I 

I Carreau-Yasuda I 0.63 I 0.1 I 0.527 I 2 I 
Table 5.8: Parameters of the Carreau-Yasuda model for the 2.5% Pib/Cl4 solution (Tref = 25 (°C]). 

5.3.5 Predictions in planar elongational flow 
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Figure 5.13: Predictions of the constitutive equations in steady uniaxial elongation (left), and planar 
elongation (right) for the 2.5% Pib/Cl4 solution, at T = 25°C. 

The predictions of the nonlinear viscoelastic models show the same tendencies for uniaxial 
and planar elongation flow (Figure 5.13). The Giesekus model shows the most pronounced 
elongational thickening of the three models, followed by the PTTb-2 model. The PTTb-1 
model on the other hand predicts elongational thinning. 

5.4 Discussion 

As found by others (see e.g. Larson [85]), the Giesekus model provides the best fit for the 
shear behavior for both polymer melt and solution. The steady shear viscosity is equally well 
predicted by the PTT models, the exponential form for the LDPE melt and the linear form for 
the 2.5% Pib/C14 solution. The description of the first normal stress difference and start-up 
flow is less for the PTT models than for the Giesekus model. 

For the LDPE melt, the best overall fit was obtained for the PTTa model with a very small 
value of the f parameter (f, ~ = 0.004, 0.08). This model is able to capture the high tran
sient uniaxial elongational viscosity. On the other hand, it gives oscillations during start-up 
of shear flow and a somewhat poorer fit for the first normal stress difference. The fit of the 
PTTa model that only uses steady shear data (f, ~ = 0.15, 0.08), shows the largest deviation 
from the elongational experiments. The three models used give different predictions for pla
nar elongation flow. In correspondence with the trend in the uniaxial elongation properties, . 
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the PTT model with E = 0.15 shows planar elongational thinning, the Giesekus model weak 
elongational thickening and the PTT model with E = 0.004 strong elongational thickening 
(1 order higher than the Giesekus model). The predictions of 4-and 8-mode versions of the 
models show only subtle differences. The 4-mode model was used to fit a smaller range of 
data only. 

For the Pib/C14 solution, also two fits are made for the PTTb model. In one,~ is put to zero, 
as this parameter might cause numerical instabilities. It gives the best fit for the steady shear 
viscosity, even beyond the region covered by the Maxwell modes. The results for the first 
normal stress difference and start-up of shear is better predicted by the Giesekus and PTTb 
model with ~ =/= 0. Predictions in planar elongational flow are different for all three models, 
the PTTb model with ~ = 0 gives tension thinning behavior, whereas PTTb with ~ =/= 0 mod
erate tension thickening and the Giesekus model shows the strongest tension thickening. 

From the viscometric measurements it can be concluded that in case of the polymer melt, the 
PTTa-2 model gives the best overall description. For the polymer solution it is not so clear, 
but the Giesekus model is slightly preferred. In the next chapters these findings will be tested 
in complex flows. 
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6 Cross-slot flow of a 
polyisobutylene solution 1 

6.1 Introduction 

The isothermal flow in a cross-slot geometry, of the polyisobutylene solution, is investigated 
for four De-numbers 2 • The experimental set-up is described in Section 6.2. Velocities are 
measured with laser Doppler anemometry and stresses by a modulated flow induced bire
fringence technique, as previously described in Sections 4.2 and 4.4.6, respectively. The 
cross-slot apparatus is essentially 3-dimensional, and requires a special treatment. Simula
tions are performed in a decoupled way: the 3-dimensional velocity field is obtained with 
a generalized Newtonian model and the stresses with viscoelastic models using the defor
mation history from the velocity simulations. This is discussed in Section 6.3. Integrated 
stresses are compared to the FIB experiments using the small retardation approximation. 
This approach is first validated for two slit flows, before the results of the cross-slot are dis
cussed for the Giesekus and PTTb models (Section 6.4 ). The results of the fixed viscosity 
model (Feta-PTTb, Section 3.5), are treated separately in Section 6.5. 

6.2 Experimental set-up 

The flow loop, with the cross-slot device installed, is depicted in Figure 6.1. The fluid is 
transported by a rotary pump (Nakamura R0-10-VT), that prevents excessive stress-induced 
chain scission, from a reservoir c~ 2.5l) to the flow cell, after which it is returned to the 
reservoir. Reservoir, pump and flow cell are connected by flexible tubes. Two flow cells are 
examined. First, a slit flow with an aspect ratio of 8, previously used by Baaijens [11], [12], in 
order to determine the stress optical coefficient. Second, a cross-slot device is used that yields 
a stagnation flow. The geometry is an adjustment of the flow cell of Janssen [72]. The main 
dimensions of the flow cells are listed in Table 6.1. The cross-slot device is schematically 

1 This chapter is accepted for publication in the Journal of Non-Newtonian Fluid Mechanics. 
2This chapter is based on the master's thesis of Swartjes [137) 
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shown in Figure 6.1. It consists of four aluminum blocks (2) with a rounding, these are placed 
in between two parallel perspex plates (1). Two glass strips of Schott SF-57 [130] (3) with a 
low intrinsic birefringence are mounted in the parallel plates for optical measurements. The in 
and outflow channels are extended with rectangular brass pipes (length ~ 75 [mm}), to create 
a fully developed velocity field when entering the flow cell. To establish a symmetric flow, the 
flow resistance of the in- and outflow tubes are adjusted by clamps. As stress measurements 
can only be performed through the SF-57 windows, measurements were first done on the 
inflow channel. Subsequently, the flow was reversed by exchanging the in- and outflow tubes. 
In the birefringence experiments, two lenses were used to focus the laser beam in the flow, 
depending on the depth of the flow-cell investigated. For the slit flow a lens was used with a 
focal length of 200 [mm] giving a resolution of~ 0.12 [mm], For the cross-slot flow device 
a lens was used with a focal length off = 80 [mm] and a resolution of~ 0.06 [mm]. 

c 

0.5 R R 
R 5R 

Figure 6.1: Schematic of the experimental set-up for the 2.5% Pib/CJ4 solution (left), and the cross
slot flow cell (right). The material is transported by pump (P) from reservoir (R) to the 
flow cell, the flow resistance of the flexible tubes connecting them can be adjusted by 
clamps (C). For details of the flow cell, the reader is referred to the text, the main dimen
sions are scaled with radius R = 20[mm]. 

I Flow cell II height[mm] I depth[mm] I Zength[mm] I radius[ mm] I 

I cro:!~1slot II 1
8
0 I ~~ I ~~~ I 20 I 

Table 6.1: Main dimensions of the flow cells, for the cross-slot device the length is taken from one 
channel. 
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6.3 Slit flow 

6.3.1 Numerical aspects 

Basic equations 

The isothermal flow of incompressible fluids is described by the equations for conservation 
of momentum and mass (gravity and body forces are neglected): 

aa ..... --"* --"* 
p(- + u · '\lu)- \1 ·u =O 

8t 
(6.1) 

(6.2) 

where u is the velocity field, p the density and u the Cauchy stress tensor, which is defined 
by: 

CJ= -p] + T (6.3) 

where p is the pressure field, I the unity tensor, and T is the extra stress tensor defined by the 
appropriate constitutive equation (Chapter 3). 

3-D simulations 

To analyze the cross-slot flow, three dimensional simulations are necessary, given the aspect
ratio of 2 for the rectangular sections. Since fully 3-D viscoelastic simulations are not (yet) 
available, simulations were performed in a decoupled way. First, the 3-D velocity profiles 
were obtained using a viscous Carreau-Yasuda model. Second, the stress field was calculated 
with viscoelastic models, using the known kinematics, yielding the deformation (history) 
as input data. This approach is valid only as long as the elastic forces of the fluid do not 
(significantly) influence the flow field. Baaijens [11] found an excellent agreement between 
predictions of this model with the measured velocities in a planar flow around a cylinder of 
different polyisobutylene solutions. This was a stimulus for the present approach. 
For calculating the flow field, using a Carreau-Yasuda model, the finite element package 
SEPRAN [133] was used. Computations were performed with the Galerkin method, and a 
Picard linearization for the non-linear viscosity term. The velocity and pressure field were 
discretized using Crouzeix-Raviart elements (isoparametric hexahedral, 27 nodal points per 
element), with quadratic basis functions for the velocity and a piecewise discontinuous lin
ear basis function for the pressure. The pressure was eliminated using the penalty function 
method. Convergence was checked with: 

luk - Uk-llmax < fc 
luklmax 

(6.4) 

(6.5) 

where uk is the velocity after iteration k, and Rk the relative residual of the discretized system 
after iteration (k - 1), the convergence criterium being Ee = 1 · 10-4• 



76 

Finite element mesh 

------

H= 8 [mm] 
D=64 [mm] 
L=60[mm] 

........ -. 
·· ...... . 

-....... . 

• : intersection 
-+: flow direction 

.. .. 
".: ~~ 

~L 

.. ... ; ..... H 

Chapter6 

H= 8vs IO[mm] 
D= 16vs20[mm] 
L=60 [mm] 

Figure 6.2: Rectangular channel flow, definition of coordinate system together with finite element 
meshes ( ~ = 8 on the left, ~ = 2 on the right). 

As a pilot exercise, three different flow channels were numerically investigated: two with 
the same dimensions as the flow cells investigated (aspect-ratio of 8 and 2), the third with 
an aspect-ratio of 2 and the same height as the 8: I slit, for studying the influence of end
effects on birefringence measurements. Due to symmetry only one quarter of the rectangular 
channels were modeled. The main dimensions of the two channels are given in Figure 6.2 
together with the finite element meshes. The mesh of slit with aspect ratio 8 consists of 400 
(10 x 4 x 10) elements, whereas 336 (14 x 4 x 6) elements are used for the slit with aspect
ratio 2. 
At the entrance boundary (x = 0) a fully developed Newtonian (TJ = T/o) profile is assumed, 
using the function given in Appendix A. For the confining walls (y / H = 0.5 and z / D = 0.5), 
the no-slip condition, and at the mid-planes (y/ H = 0 and z/ D = 0), symmetry conditions 
are applied. 
In a downstream cross-section (z = 50mm), where the flow is fully developed, the velocity 
gradient tensor is determined, using an interpolation method (Anderson et al. [5]). The num
ber of interpolation points is increased towards the wall z/ D = 0.5. 
The (steady state) stresses in each point are calculated with a Gauss-Newton method to solve 
the non-linear system of equations for the viscoelastic equations (The Math Works Inc., func
tion 'fsolve'), using the velocity gradient tensor from the viscous simulation. 
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Model parameters 

The experiments were performed at room temperature (Texp ~ 20°C), and the Maxwell 
parameters of the viscoelastic constitutive equations are shifted using the Arrhenius equation 
5.3. The values are given in Appendix D. 

6.3.2 Numerical study 

First a numerical study is performed, to investigate 3-dimensional effects. To characterize the 
slit flow, two dimensionless numbers can be defined: 

and (6.6) 

where uw is the mean velocity in the symmetry plane z / D = 0, De1 is identical to the De
number in the 2-D case, whereas g:~ indicates the importance of the 3 dimensionality in the 
flow. 

Velocities 

For the 8 to 1 slit the velocity profile and velocity gradients calculated with the Carreau
Yasuda model are shown in Figures 6.3 and 6.4 in the fully developed region. The two 
dimensional mean velocity in the plane of symmetry z/ D = 0 equals uw = 0.26[m/ s], 
(De1 = 0.54, De2 = 0.067). Notice that the scaling of the axes of the three dimensional plots 
does not correspond with the actual depth/height ratio. 

0.4 

0.3 

0.5 

Figure 6.3: Fully developed velocity profile in the 8to1 channel of the 2.5% Pib/Cl4 solution, uw = 
0.26[m/s]. 

Only two components of the velocity gradient tensor are important, see Figure 6.4, the shear 
rate -rxy• the only nonzero component in 2D flows, and -rxz introduced by the front and back 
walls. All other components are negligible (0(10-3)). The shear rate -rxz proves to be small 
in a large part of the flow cell, but has a steep gradient at the back wall ( f5 = 0.5). Towards 
this surface the shear rate -rxy gradually approaches zero. 
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Figure 6.4: Velocity gradients 'Yxy (left) and 'Yxz[s-1] (right), in the fully developed.flow of the 2.5% 
Pib!Cl4 solution in the 8 to 1 channel, uw = 0.26[m/ s]. 

Also, a 2: 1 channel, with the same height and mean velocity uw as for the 8: 1 channel, was 
analyzed. In Figure 6.5 the velocity gradients of the two channels are compared along several 
lines in depth. Up to y = 0.25 the difference for 'Yxy is small; the largest effect is seen for 
y/H=0.5. Obviously, 'Yxz does not vary significantly as a function of the height of the flow 
cell. For the 8: 1 channel, 'Yxz is zero up to z/ D = .3, but for the 2: 1 channel it is only zero at 
the mid-plane ( y = 0). 
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Figure 6.5: Comparison of the velocity gradients 'Yxy (left) and 'Yxz (right) of the 8:1 (solid lines) and 
the 2:1 channel.flow (dashed lines),uw = 0.26[m/s], ft= 0, k, !, !, !· 

Stresses 

The viscoelastic stresses predicted, using the Giesekus model are shown in Figure 6.6. The 
influence of the front and back wall on the stress components can clearly be distinguished. 
Three effects are noticed compared to the 2-dimensional case: 
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Figure 6.6: Computed stresses by the Giesekus model, Ji- = 8, uw = 0.26[m/ s]. From left to right 
and top to bottom: Txx, Txy' Txz, Tyy, Tzz· 

• The stress components Txy and Tyy gradually approach zero towards the walls, due to 
the decreasing value of 7xy• whereas they are of course constant in a 2D flow. 
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Figure 6.7: Predicted normal stress differences (left: Ni, right: N2) with the Giesekus model, J? = 
8, uw = 0.26[m/ s]. 

• The shear rate 'Yxz becomes non-zero in this region. This is reflected in the stress 
components Txz and Tzz (which are zero in the 2-D case). 

• Most important is that both shear rates contribute to the stress components Txx· There
fore, Txx decreases along y / H = 0.5 towards the back wall (stemming from 'Yxy only), 
but increases along y/ H = 0 (stemming from 'Yxz only). The latter contribution is not 
present in the 2D case. 

For comparison with experiments, discussed later, only Txy and Ni ( = Txx - Tyy) are impor
tant, since FIB experiments prolong along the z-axes. In simple shear flows, N 1 is a result 
of 'Yxy only. It should, however, be kept in mind that in the 3D case, the 'parasitic' velocity 
gradient 'Yxz also contributes to Ni in the x -y plane. Galante [53] did not take this effect into 
account in his study on a 3-D slit flow. The normal stress differences are shown in Figure 6. 7. 
Please notice that the PTTb-1 model, with ~ = 0, does not predict a second normal stress 
difference ( Tyy = Tzz = 0). 

In FIB measurements, the shear stress Txy and first normal stress difference N1 are measured 
integrated along the depth of the channel, see Section 4.4. The results are shown in Figure 6.8. 
Similar to a 2D flow, the integrated three dimensional shear stresses show a linear dependence 
on the height and are zero in the center. Their maximum values are smaller compared to the 
2D case, due to the zero Txy at zlD=0.5. Also Ni is smaller at the walls, but in the middle of 
the flow cell the difference is even larger. Here the integrated Ni has a nonzero value due to 
the large positive values of Txx at z/D=0.5. These effects become more important when the 
depth of the flow cell is decreased. The deviation from the 2D case is tabulated in Table 6.2 as 
a function of the depth of the flow cell and flow rate. All deviations are given as a percentage 
of the maximum computed stresses in the two dimensional situation. 
The deviations from 2D at the walls become smaller at higher flow rates, due to a more 
flattened velocity profile caused by the shear-thinning behavior of the fluid. However, Ni in 
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Figure 6.8: Comparison of the integrated stresses (left: rxy• right: Ni) of the 8:1 and the 2:1 channel 
flow with 2D flow, uw = 0.26[m/ s]. 

flow parameters deviation from 2D [%] 
!i Uw[m/s] Dei De2 ~'Txy( 1/i = 0.5) ~Ni(l/i = 0.5) ~Ni(l/i = 0) n 
8 2.5 .10-:.l 5.4. 10-i 6.7. 10-2 7 11 3 
8 2.6. 10-1 5.6. 10° 7.0 .10-1 7 11 4 
8 2.5. 10° 5.4. 101 6.7. 10° 2 7 6 
2 2.7 .10-:.l 5.8. 10-1 2.9 .10-1 22 30 12 
2 2.6. 10-1 5.6. 10° 2.8. 10° 17 25 16 
2 2.7. 10° 5.8. 101 2.9. 10i 8 22 24 

Table 6.2: Influence of flow rate on the deviation of the integrated shear and first normal stress differ
ence for the 8: 1 and 2: 1 channel flow of 2.5% Pib!Cl 4 fluid. The heights of the channels 
are similar: H = 8mm. 

the middle of the flow cell, deviates more pronounced with increasing flow rate. This effect 
is caused by the nonlinear dependence of Ni on the shear rate. 

6.3.3 Comparison with experiments: velocities 

Velocities are measured in the slit flow with aspect ratio 8, and in the fully developed in
flow region of the cross-slot flow (with aspect-ratio 2). A total of 4 different flow rates are 
investigated per channel with characteristics given in Table 6.3. 
The velocities along Ji = 0 and fi = 0 are shown in Figure 6.9 and 6.10, for the 8: 1 and 2: 1 
channel, respectively. The Carreau-Yasuda model excellently predicts the velocity profiles. 
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I ~ II Uw[m/s] I De1 I De2 I 
8 2.42. 10-2 0.52 0.06 

4.36. 10-2 0.94 0.12 
9.00. 10-2 1.94 0.24 
1.33. 10-1 2.86 0.36 

2 6.4 .10-2 1.10 0.55 
1.3. 10-1 2.23 1.12 
1.9. 10-1 3.27 1.63 
2.6. 10-1 4.47 2.24 

Table 6.3: Characteristics of rectangular channel flow of 2.5% Pib!C14. 

-0.25 o 0.25 o.5 -8.5 -0.25 o 0.25 o.5 
~H ~H 

Figure 6.9: Measured (o) and computed velocities(-) with the Carreau-Yasuda model in the slit with 
ff= 8, along line z/D = 0 (left) at four flow rates, and y/H = 0 (right) for the highest 
flow rate. 
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Figure 6.10: Measured (o) and computed velocities(-) with the Carreau-Yasuda model in the slit with 
ff = 2, along line z/ D = 0 (left) and y/ H = 0 (right) at four flow rates. 
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6.3.4 Comparison with experiments: integrated stresses 

The stress optical coefficient of the fluid has been determined at the highest flow rate in the 
8: 1 channel, using Equation 4.17. The optical signal R 2 , Equation 4.33, is compared with the 
integrated shear stress following from the Carreau-Yasuda model. A least square fit gives a 
stress optical coefficient of 2.505 · 10-9

, as shown in Figure 6.11. 

-3~8 -6 --4 -2 0 2 6 8 
0.5 M sin(2X) x 10-8 

Figure 6.11: Stress optical coefficient for 2.5 % PIBICJ4, using integrated 3-dimensional shear 
stresses (DIH=8; uw = 1.33·10-1[m/s)). 

The optical signals R 1 and R 2 are calculated for the nonlinear viscoelastic models using 
Equations 4.32 and 4.33 (for convenience the minus sign in Equation 4.32 will be omitted in 
the sequence). These are shown in Figures 6.12 and 6.13 for the 8:1and2:1 channel, respec
tively, for the highest investigated De-number. In both cases we find a proper correspondence 

of measured and calculated intensity R 2 (or fod rxy). However, the intensity R 1 ( = fod N 1) 

is predicted best by the Giesekus model, while the largest deviation results for the PTTb-1 
model (~ = 0). This is in correspondence with its poorer prediction of N 1 in steady shear 
(see Section 5.3). For the 8: 1 channel an deviation is found at ff = 0 for all models. Appar
ently, in the middle of the flow cell, the flow was not fully developed. For the 2: 1 channel the 
agreement at the center is excellent, but an increasing deviation from measurements is found 
upon approaching the side walls. 

6.3.5 Discussion 

In the study of Galante [53] the influence of /yxz (the shear rate caused by the front and back 
wall) was neglected. However, as is shown in Figure 6.6, this shear component does influence 
the birefringence measurements, especially at the center of the flow channel (ff = 0). Con
sequently, the three-dimensional retardation cannot be corrected by an empirical parameter 
as found by Galante. Moving further into the shear-thinning region (i.e. increasing the flow 
rate), the deviation from the 20 case decreases at the wall as indicated by several authors (e.g. 
Galante [53], Wales [146]). But, again due to an increasing /yxz, the difference at the center 
grows, see Table 6.2. It might seem obvious that a slit flow with an aspect ratio of 2 must be 
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handled as a 3D flow as was done in this study. Despite this seemingly obvious conclusion, in 
the past many birefringence studies on polymer melts, e.g. those on contraction flows, used 
an aspect ratio for the upstream section even smaller than ours (Ahmed et al. [3], Han and 
Drexler [60], White et al. [150]). Interpreting of those results with a 2D analyses, must be 
-consequently- questionable. 

6.4 Cross-slot flow 

6.4.1 Numerical aspects 

Similar to the slit flow study, only one eighth of the cross-slot has been modeled, see Figure 
6.14. The mesh consists of 672 ((14 + 14) x 4 x 6) elements, in the two symmetry planes 
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the mesh is refined towards the stagnation point by a factor 2. At the entrance boundary a 
fully developed Carreau-Yasuda profile is prescribed (obtained from the calculations of the 
slit flow). Because we are mainly interested in the elongational part of this flow, we will con
centrate on results along the center-planes of the in and outflow regions (indicated in Figure 
6.14). A total of 24 points are placed at equal distances along a line (x, y = 10-6 , 10-6 [m]) 
parallel to the stagnation line. Using a particle tracking subroutine, implemented in SEPRAN, 
fluid elements starting from these points are tracked both towards the outflow and the inflow 
(for the latter the negative velocity field was used), and the two tracks are combined to give 
complete streamlines. Along the streamlines the velocity gradient tensor is determined, using 
an interpolation method for isoparametric elements (Anderson et al. [5]). 
At the inflow (y/R = -2.5), the (steady state) stresses are determined with a Gauss-Newton 
method. They are taken as starting point for the calculation of the stresses along the stream
lines, using an Euler integration scheme (the time steps taken are flti = ~ ). 

..... \J; 
:...• ... · ••••••••• ·.····•··•·· .•· ·. ;_.:·.: .. ,: •. .,...-:-- H . 

.,(,·· ....... -···· 
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H= 10 [mm] 
D=20[mm] 
R=20[mm] 
f.IJ: inflow plane 

•: outflow plane 
-+: flow direction 

Figure 6.14: Schematic of the cross-slot, definition of coordinate system together with finite element 
mesh(~= 2). 

6.4.2 Numerical Results: 3D velocity field 

Figure 6.15 shows the non-zero components of the velocity in these planes. At the left hand 
side of the picture particles start with a fully developed inflow profile. Accordingly, they 
approach the stagnation line (indicated with s.l.), and from there they flow towards the outflow 
on the right. Four velocity gradients are important in this flow as shown in Figure 6.16. All 
other components of the velocity gradient tensor are negligible (0(10-1 )). First, results are 
presented for the highest Deborah number (De = 4.4 7) to illustrate the general characteristics 
of the stagnation flow. 
The shear rates 'txz and 'tyz are the largest components of the velocity gradient tensor L. 
At the fully developed inflow boundary (y/R=-2), 'tyz has the same shape as calculated for 
the rectangular channel. Starting at y/R=-1.25, the point where the channel diverges, 'tyz 
decreases to zero towards the stagnation line. The shear rate 'txz shows the opposite effect. 
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Figure 6.15: Velocity pro.file o/2.5% Pib/C14 in the stagnation flow, inflow on the left, stagnation line 
(s.l.) in the middle, and outflow plane on the right, De= 4.47. 

The largest elongation strain component is Lyy = f.y. The minimum Lyy near the stagnation 
point (-27.0[s-1]) is almost equal to the maximum of Lxx (23[s-1]). Both components show 
a remarkable plateau at ~ = - . 75, posses a maximum value at the stagnation point and a 
second plateau at fl = .75. Towards the wall CI> = 0.5) both components tend to zero. 

6.4.3 Numerical results: 3D stress field 

For the highest De-number (De = 4.47), the stresses calculated with the Giesekus model 
are shown in Figure 6.17. The shear stress components show a similar shape as the corre
sponding shear rates. The stress Txx increases exponentially from zero when approaching the 
stagnation point and relaxes afterwards. Here a typical plateau is observed similar to the one 
in ix. The contribution from the end wall can be recognized in this figure when the flow be
comes fully developed near the outflow. The component Tyy has a parabolic shape at~ = -2 
with a maximum at z/ D = 0.5 and decreases to a small negative value at y/ R = 1.25. For 
comparison with FIB measurements, only the first normal stress difference is important, this 
is shown in Figure 6.18 (left). The predicted first normal stress difference by the Giesekus 
and PTTb models were integrated in depth and accordingly shown in Figure 6.18 (right). 

The models have approximately similar values up to ~ = -0.5, after which they have the 
same shape but different magnitudes. A maximum is reached at the stagnation line. It de
creases to a local minimum at fl = 0. 75, and reaches a local maximum again at fl = 1. 
The latter maximum stems from both the elongational flow in the symmetry plane and the 
shear flow at the end wall. Towards the outflow, N1 diminishes again, but does not reach 
the opposite value as which it started with, indicating that the fluid elements didn't achieve 
fully relaxation. The differences in values, qualitatively, correspond to the predictions of the 
steady planar elongational viscosity (see Section 5.3.5, Figure 5.13). 
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Figure 6.16: Velocity gradients along streamlines in the cross-slot flow, inflow on the left, stagnation 
line ( s. l.) in the middle, and outflow on the right of the individual picture. From left to 
right and top to bottom: Ex, Ey, 'Yxz, 'Yyz, De= 4.47. 

6.4.4 Comparison with experiments: velocities 

The velocities of the inflow surfaces(~ = ±1.5) were already shown in Figure 6.10, for the 
outflow surfaces(~ = ±1.5) they are given in Figure 6.19. Along y/h = 0 (Figure 6.19: 
left), higher velocities are measured near the center-plane, indicating that the flow is not fully 
developed at the outflow region. This is also reflected on the velocities along z / D = 0 (Figure 
6.19: right), and the measurements along streamlines with z / D = 0 (Figure 6.20). Along the 
streamlines, the agreement for the two lowest velocities is excellent, but for higher velocities 
an increasing deviation from measurements is observed. Where the measured velocities show 
an almost linear dependence on the y and x coordinate in the region ~ = -1 up to ~ = 1, 
numerically a more curved shape is predicted. This indicates that at the higher velocities, the 
elastic forces do influence the velocity field. We will address to this problem in the sequence. 
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Figure 6.17: Calculated stresses with the Giesekus model along streamlines in the cross-slot flow, 
inflow on the left, stagnation line ( s. l.) in the middle, and outflow on the right of the 
individual picture. From left to right and top to bottom: Txx, Txz, Tyy, Tyz, De= 4.47. 

6.4.S Comparison with experiments: stresses 

The integrated stresses are compared with measurements in figure 6.21. Up to -fl = -0.5 
the models agree well with the measurements. From this point, approaching the elongational 
flow region, the measurements show a much larger increase in intensity then the models pre
dict. Near the stagnation line, the measured values are three times as high than the predicted 
values, using all the constitutive equations as fitted on the experimental data available. Fur
thermore the second maximum as observed in the calculations, is relatively much lower in 
the measurements. The overall shape however is similar. Figure 6.22 shows that the material 
is not fully relaxed in the central region when exiting the flow channel. 

6.4.6 Discussion 

A crucial assumption in studying the cross-slot flow, is that the velocity field is accurately 
enough predicted by the viscous Carreau-Yasuda model. Contrary to Baaijens [11], the pre-
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Figure 6.18: Calculated 3-D first normal stress difference with the Giesekus model (left), and inte
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Figure 6.19: Measured and computed velocities, on the left: fl = ±1.5, 1J = 0, on the right: fl = 
±1.5, 1J = 0, at four De-numbers (De= 1.10, 2.23, 3.27, 4.47). 

dieted velocities deviate slightly from the experiments, at higher De-numbers. First, it was 
investigated whether the discrepancy stems from elastic forces of the fluid. Thus, the velocity 
measurements in the mid-plane of the flow (z/ D = 0) were compared to the results of a 2-D 
fully viscoelastic simulation (finite element method: DEVSS/DG, see Section 7.3, using the 
Giesekus model). As shown in Figure 6.23, the results of the fully viscoelastic calculations 
show a far better agreement with the measured values. Both the linear dependence of the 
velocity on the position upstream is predicted fairly well, as is the overshoot near the outflow. 
To show that the difference in predictions of the velocity field stems from viscoelasticity 
rather than differences between 2-D and 3-D flow field, also a 2-D calculation was performed 
with the Carreau-Yasuda model. The results only slightly differ from the 3-D calculation. 
Therefore it can be concluded that the differences observed in the velocity field stem from 
elasticity effects rather than 3D effects. 
More important than the velocity field, is the velocity gradient ix. As can be seen in Figure 
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Figure 6.20: Measured and computed velocities, along streamline I> = 0, at four De-numbers (De = 
1.10, 2.23, 3.27, 4.47). Inflow on the left, stagnation line (s.l.) in the middle, and outflow 
on the right. 
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Figure 6.21: Birefringence measurements together with integrated calculated stresses ( R1 
21c J0d Ni ( z) dz) along streamlines in the cross-slot flow, inflow on the left, stagna
tion line (s.l.) in the middle and outflow on the right, at four De-numbers (De = 
1.10, 2.23, 3.27, 4.47). 
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Figure 6.22: Birefringence measurements at the fully developed inflow (y/ R = ±l.5) compared with 
the outflow (x/ R = ±l.5), De= 4.47. 

6.23, the differences between viscous and viscoelastic calculations are marginal at the stag
nation point. The largest difference is seen for the 'shoulders' at 1z = -0.6 and -Ji = 0.6, 
which are more pronounced in the viscoelastic calculation. Also, a polynomial fit on the 
measured velocity has been performed and shows a slightly lower velocity gradient (8%) at 
the stagnation point. The 'shoulders' are close to the results of the viscoelastic simulation, 
although their magnitudes are sensitive for the polynomial order used. 
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Figure 6.23: Left: velocity at z / D = 0, measured ( o ), predicted by the Carreau-Yasuda model in 
a 3D simulation (-) and 2D simulation (- -), and by the Giesekus model in a 2D Ju.Uy 
viscoelastic simulation (-. -). Right: velocity gradient (Ex) at z / D = 0, predicted by 
the Carreau-Yasuda model in a 3D simulation (-), by the Giesekus model in a 2D ju.Uy 
viscoelastic simulation (-. -), and following from a polynomial fit of the experimental data 
(- -). 

Figure 6.24 shows the stress predicted by full 2D viscoelastic simulations. In the stagna
tion point the results are slightly higher than those derived with streamline integration, using 
the Carreau-Yasuda velocity field. The small differences encountered between streamline 
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Figure 6.24: First normal stress difference predicted by the Giesekus model at z / D = 0, using a the 
deformation history from the 3D viscous simulation(-), b the deformation history from 
experiments (polynomial fit: - -), c 2D fally viscoelastic simulations(-.-). 

integration and fully viscoelastic calculations, can not explain the large deviation from the 
experiments. Thus they should be contributed to a poor description of the planar elongational 
viscosity by the models. 

Another factor that influences stress predictions is the residence time of fluid particles near 
the stagnation point, which ideally is infinite in the stagnation point. In Figure 6.25 the calcu
lated velocity gradients in the plane -fj = 0 are shown as function of time. The starting point 
t = 0 corresponds to* = -2. The lines show how the deformation history changes when a 
fluid particle approaches the stagnation point at a distance D..s. The closer the particle gets, 
the longer it will experience an almost constant velocity gradient, which results in a constant 
stress (also shown in Figure 6.25). This finally results in an area, surrounding the stagnation 
point, where the stress is constant. As can be seen, this area has a radius of 10-1 [mm], which 
when compared to the dimensions of the laser beam (waist ~ 2 · 10-2[mm]) gives confi
dence that also a steady state value is measured instead of an average stress of a confined 
area. Further, it can be concluded that the distance from the stagnation point in our calcula
tions (D.. = 10-4[mm]) is close enough to calculate the steady state value of the stress. 

The stress being constant in an significant area surrounding the stagnation point, implies 
that in this region the steady planar elongational viscosity can be measured. However, for 
the investigated cross-slot device in this study, we have to account for the 30 nature of the 
experiment. We are only interested in the local velocity gradient and stress in the stagnation 
point (7]p = N1(x,y,z = 0,0,0)/i(x,y,z = 0,0,0)), whereas the integral result along the 
depth is measured in the birefringence experiments (N1,3v = (f N1(x,y = O,O)dz)/D). 
Numerically, a constant factor is found between the integral stress results and the local stress 
at the stagnation point N1 (x, y, z = 0, 0, 0)/ N 1,3v = 1.5, for the investigated De-numbers. 
This result can be used to estimate the steady elongation viscosity for the fluid. The measured 
stress at the stagnation point is divided by the factor 1.5, and the velocity gradients determined 
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with a polynomial fit of the measured velocity field is used to estimate the planar elongation 
viscosity. 
It is questionable if in the high strain area (stagnation point), the stress optical rule still holds 
(Cathey and Fuller [29]). However, if the rule would break down, experimentally a lower 
value is expected due to saturation. It does not explain the observed difference between 
predictions and measurements. 
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Figure 6.25: Predicted velocity gradient Ex (left) and Ni (right) as function of time and distance from 
stagnation point ( fls), De= 4.47. 
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Figure 6.26: Estimated ( o) and predicted(-) planar elongational viscosity. (The results from the cross
slot device are shifted to the reference temperature Tref = 25°C ). 

6.5 Fixed viscosity (Feta) model 

In the previous section it was shown that Giesekus and PTTb models can not predict the 
stresses in the cross-slot flow device with the parameters determined in simple shear flow. 
Changing the parameters might give a better resemblance in the elongational flow part, but at 
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Figure 6.28: Predictions of the Feta-PITb model in planar elongation flow, with varying E parameter 
(T = 20°C). 

the same time this would reduce the quality of the prediction of the shear data. These results 
have motivated us to arrive at more flexible constitutive equations that can -independently 
from their fits of shear data- drastically change their elongational predictions. An example is 
the Feta-PTT model, see Section 3.5.5. Using the viscosity fixed model defined by Equation 
3.421 combined with the PTTb type relaxation time function (Equation 3.34), the available 
shear data are accurately recovered. This is shown in Figure 6.27, for a four mode model 
(Table D.3). Without changing the viscosity prediction, the parameter E in the PTTb function 
can be adjusted for the predictions in elongational flow. Figures 6.27 and 6.28 demonstrate 
how the viscometric functions are changed with the parameter E. The largest effect is seen in 
the predictions for elongational data, while the predictions of the first normal stress difference 
N1 are affected only marginally. The best fit of the planar elongational data is found for 

1The parameters in the Ellis model are slightly different from those used in Section 3.5.3, to obtain a better 
fit of the shear viscosity function of the 2.5% Pib/Cl4 solution: A, a, b = 16, 2, 0.45. 
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E = 0.06. 

6.5.1 Slit flow. 

Figure 6.29 shows the predicted intensities in the slit flow with aspect ratio 2. Evidently, the 
predicted R2 does not change by varying the parameter E. Near the center of the flow, R1 is 
best predicted by the highest value, but this under-predicts the intensity near the lateral walls 
(E = 0.3). The choice E = 0.1 gives the best overall agreement, although it slightly over
predicts the measurements near the center. The lower values, over-predict the measurements 
at all positions. 
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Figure 6.29: Predictions of the intensities in the slit flow with aspect-ratio 2, by the Feta-P1Tb model 
for varying €Values. (R1 = 2~c f0d Ni(z) dz, R2 = 4~c J;'Txy(z) dz.) 

6.5.2 Cross-slot flow. 

Figure 6.30 shows the predictions for the cross-slot device for a number of parameter values 
at the highest flow rate. The maximum measured intensity is accurately predicted by E = 
0.06), also the downstream region shows good agreement, only the upstream region is slightly 
under-predicted. Also shown are the results for E = 0.06 at all flow rates, which shows good 
to excellent agreement. 

6.6 Conclusions 

In this study a 3D stagnation flow of a polyisobutylene solution is investigated by locally 
measuring velocities and (integrated) stresses. For the latter the small retardation approxi
mation is used. The results are compared with numerical simulations, that are performed in 
a decoupled way. The velocities are determined with a 3D finite element simulation using a 
Carreau-Yasuda model. The stresses are calculated with the viscoelastic non-linear Giesekus 
and Phan-Thien Tanner model using a streamline integration technique. This approach was 
first tested on a fully developed slit flow. For the slit flows good to excellent agreement is 
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Figure 6.30: Predictions of the intensity Ri (= 21c J; Ni(z) dz) with the Feta-PITb model in the 
cross-slot flow. On the left: at the highest flow rate (De= 4.47)/or varying E values, on 
the right: at four different flow rates (De= 1.10, 2.23, 3.27, 4.47) for E = 0.06. 

found for the velocities and stresses. A parameter study shows that at higher De-numbers the 
deviation from 2D decreases at the side-walls, but increases at the center of the flow. For the 
stagnation flow good agreement is found for the two lowest velocities, a deviation is seen for 
the higher ones. All the stress predictions show a good resemblance at the inflow, but near 
the stagnation line, experimentally the stresses are found to be three times as high compared 
to the predicted values. An adjustment of the PTTb model, in which the viscosity function 
is fixed, (Feta-PTTb model) has more flexibility to independently control the predictions in 
shear and elongation, and gives a significantly enhanced prediction of the measured stress 
fields. Concluding it can be remarked that the stagnation flow in a cross-slot device creates a 
combination of high elongation deformation and high deformation rates, an apparently criti
cal and discriminating combination that allows for a severe testing of the predictive capability 
of constitutive equations. Non of the existing equations could successfully describe the ex
perimental foundings. The new class of models, introduced in Section 3.5, apparently is able 
to predict the experimental results in this critical flow. Further testing of these new concepts 
seems recommendable. 



7 Complex flows of a LDPE melt 

7 .1 Introduction 

The isothermal planar flow of a low density polyethylene melt in three different geometries is 
investigated. The experimental set-up is treated in Section 7.2. Velocities are measured with 
particle tracking velocimetry and stresses by fieldwise flow induced birefringence. The re
sults are compared with viscoelastic numerical simulations of the Giesekus and PTTa model, 
performed with a stabilized Discontinuous Galerkin method, which will be addressed briefly 
in Section 7.3. The determination of the stress optical coefficient, necessary to convert the 
FIB measurements into stress levels is discussed in Section 7.4. In the next three sections, the 
results will be shown for the three geometries: contraction flow (Section 7 .5), flow around 
a confined cylinder (Section 7.6), and cross-slot flow (Section 7.7). In Section 7.8 two en
hanced models are evaluated along streamlines of the different geometries. Knowledge of 
error sources, influencing measurements, are important for a right interpretation of the re
sults. Especially for FIB, this is a rather complex topic and, therefore, in Section 7.9 an 
estimation will be given on possible error sources. Finally, in Section 7.10 some conclusions 
will be drawn with respect to the polymer melt study. 

7 .2 Experimental set-up 

F 

Figure 7.1: Experimental set-up for the investigation of complex flows on polymer melts, A polymer 
pellets, B extruder, C bypass, D gear-pump, E static mixer, F flow cell. 

The experimental set-up is schematically shown in Figure 7 .1. Polymer pellets are fed to a 
twin screw extruder (BerstorffZE-25), which operates at a constant screw speed(:::::::: 200rpm) 
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and heats and transports the material to a gear-pump (Zenith PEP-II). A bypass is placed 
in between gear-pump and extruder, in order to prevent excessive pressure build-up at low 
rotation speed of the gear-pump. The gear-pump provides a constant flow rate through a 
static mixer (Sulzer SSM-X-25), used for homogenizing the melt temperature, and the flow 
cell. Bypass, gear-pump and flow-cell are electrically heated by Hasco temperature control 
units (Hasco Z126). The static mixer is heated with silicone oil (Dow Coming 550 fluid) 
using a Lauda thermal control unit. Further, in order to avoid unnecessary heat loss and 
temperature gradients, the entire set-up (except the extruder) was insulated with Fibercon 
glass blankets. In Table 7 .1 the major components of the set-up are listed. The system can be 
heated up to 200°0, and the flow capacity ranges from 0.2 to lOcc/ s. 

I device II brand I type 

extruder Berstorff ZE-25 
gear-pump Zenith PEP-II (3cc/rev) 
static mixer Sulzer SSM-X-25 (4 elements) 

Table 7.1: Components of the experimental set-up for polymer melts. 

7 .3 Numerical aspects 

7.3.1 Methods 

All three investigated flows are nominally planar flows, and are compared to 2 dimensional 
fully viscoelastic simulations. The simulations are performed with a stabilized Discontinuous 
Galerkin method (DEVSS/DG) as proposed by Baaijens et al. (10) and implemented by Selen 
(134) in the SEPRAN package (133). Details of the method can be found in Baaijens et al. 
(10). 
The Discontinuous Galerkin method was originally developed by Lesaint and Raviart (90) 
and first used for viscoelastic flow analysis by Fortin and Fortin (47). In this method the 
stresses are discretized discontinuously over the element interfaces. Upwinding of the stress 
variables is performed by adding integrals on the element interfaces, forcing a step in the 
stress at the interfaces. To diminish the total number of degree of freedoms, the method was 
modified by Baaijens (9) to a semi explicit/implicit method, which allows for elimination of 
the stress variables at element level. This offers the possibility of efficient handling of multi
mode problems. 
A second modification involves the incorporation of the deformation rate tensor as a global 
variable in the solution process, in order to stabilize the method (10). The non-linear system 
of equations obtained is solved using a one step Newton-Raphson iteration. 
The finite element approximation was made with a biquadratic polynomial for the velocity 
field, bilinear polynomials for the stress and rate of deformation fields and the pressure field 
was discretized discontinuously with a constant value in each element. 
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The convergence of the iteration process is checked after each iteration with: 

(7.1) 

where sis the solution vector, which contains the velocity, pressure and stress variables. The 
convergence criterium fs is set to 5 · 10-5• 

7.3.2 Model parameters 

In all the numerical simulations, 4 mode models are used (see Chapter 5). The Maxwell 
modes are shifted to the experimental temperature using the Arrhenius function, and are given 
in Appendix D. The PTTa-2 model with the parameter set fitted on both shear and elonga
tional measurements gave convergence problems, due to the low f value(~, f = 0.08, 0.004 ). 
Th<!refore, for each flow geometry, first results are shown for the Giesekus model (a= 0.29) 
and the PTTa-1 model (~, f = 0.08, 0.15) with the parameter set fitted only on shear data. 
Afterwards the influence of the f parameter on the predictions is investigated. 

7.4 Stress optical coefficient 

The stress optical coefficient of the LDPE melt is determined in a fully developed shear flow, 
by comparing birefringence measurements with computations of the shear stress. In the op
tical measurements, for that, both the retardation and orientation angle have to be known 
(Equations 4.19 and 4.20). The measurement of both, isochromatic and isoclinic patterns 
(Section 4.4.5), is a way of constructing the shear stress out of two complementary experi
ments. Isoclinic patterns, however, are not as well defined as isochromatic patterns (McHugh 
et al. (105)), and sometimes have been found to darken half the flow field which make ac
curate measurements impossible (Wales (146)). Moreover, as is demonstrated in Appendix 
C, end-effects have a large influence on isoclinics which makes quantitative interpretation 
difficult. 
Therefore, pointwise measurements are performed to determine the stress optical coefficient, 
with the optical set-up for polymer solutions, described in Section 4.4.6. As this method 
looses its accuracy for high birefringence levels, it is applied at low flow rates and data are 
taken at low retardation levels(-~ < 8 < ~). Further, the 'parasitic' birefringence of the 
viewing windows (Schott BK-7) is accounted for by performing a separate experiment with
out flow. Assuming that both viewing windows are identical, the measured optical properties 
can be thought of as the result of a composite sample, consisting out of three parts: 

• The first window with retardation 8w and orientation angle xw; 

• The polymer melt flow with retardation 8m and orientation angle xm; 

• The second window with retardation 8w and orientation angle xw; 
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Figure 7.2: Determination of the stress optical coefficient of the LDPE melt at three different temper
atures (T = 150, 170, 190°C), and low De-numbers, one at T = 150°C, two for the 
other temperatures. 

Thus the optical properties measured with flow belong to a composite sample with Mueller 
matrix Mtot. defined by: 

(7.2) 

The Mueller matrix of the polymer melt can be reconstructed by multiplying the Mueller 
matrix of the composite sample with the inverse of the Mueller matrix of the windows on 
both sides: 

Mmelt = M~1 . Mtot. M~1 (7.3) 

This procedure is followed for three temperatures: T = 150, 170, 190°C, with 2 different 
flow rates for the highest temperatures and 1 flow rate for the lowest temperature. 
Computations are performed with the 4-mode Giesekus model, as this appeared to be slightly 
better to describe viscometric shear data (Section 5.2). The mean flow velocity is determined 
by measuring the mass rate, and is corrected for 3 dimensional effects: V w = 1.09 · V 3D 

(see Appendix A). 



Complex flows of a LDPE melt 101 

The retardation of the viewing windows is found to be almost independent of the temperature 
and position (8 ~ 0.18[rad]), the orientation angle of the windows is also independent of 
temperature but gradually varies with position (0.2 < x < 0. 7[rad]). 
The stress optical coefficient from the LDPE melt follows from Equation 4.17: 

C = !:in sin(2x) 
2Txy 

(7.4) 

Figure 7 .2 shows the results at the different temperatures. The stress optical coefficient is 
determined with a least square fit, and appears to be practically independent of temperature 
(within the range investigated). The average stress optical coefficient 1 (C = 1.47 · 10-9) 

is taken for conversion of the computed stress into isochromatics, in the investigated flows. 
This value corresponds to the values found by Baaijens (11) and de Bie et al. (37). 

7 .5 Contraction Flow 

In this section the results are presented for the planar contraction flow 2• A schematic of 
the flow is shown in Figure 7 .3, the experiments are performed at a temperature of 170°C at 
four flow rates, the characteristics are listed in Table 7.2. Comparison of the numerical and 
experimental velocity field is done in Section 7 .5.1, and the stresses in Section 7 .5.2. 

flow 0 --------------- > ----------:- ---------------- h 
direction r-' -------

0 x/h 
Figure 7.3: Schematic of the planar contraction flow, the downstream channel height h is l.55mm. 

The origin of the coordinate system is at the center of the contraction plane. 

Flow cell 

The flow cell is improved compared to the previous one used by Baaijens ( 11 ), and is shown in 
Figure 7.4. It is made out of steel (MnCrW4) with glass windows (Schott BK-7) in the lateral 
walls for the optical measurements. The flow cell is electrically heated by 8 heating elements 
(Hasco Zl 10, 400 W), located in pairs directly under and above the flow near the entrance 

1 For the detennination of the stress optical coefficient, the influence of end-effects is not taken into account. 
As will be shown later on, in Section 7.9 the measured retardation is maximal 6% lower due to end-effects. 
Correcting for this would result in a higher stress optical coefficient. However, as experimental and simulations 
results are subjected to the same factor, this is not done. 

2This section is based on the master's thesis of Winter (155) 
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I u[mm/ s] II u/~h I De 
2.27 2.93 5.5 
4.49 5.79 10.0 
5.90 7.61 13.2 
7.30 9.42 16.4 

Table 7.2: Parameters characterizing the flow conditions during the experiments of the LDPE melt in 
the contraction flow. u the mean upstream velocity, charactericistic shear rate u/ ~h (his 
the downstream contraction height), De the Deborah number as defined in Equation 2.6. 
The average relaxation time of the LDPE melt is °X(T=I70oc) = l.74s. 

and exit of the flow cell. The elements are controlled by a Hasco control unit (Hasco Z126) 
and thermocouples located in between a pair of heating elements (Hasco Z1295/5). Glass 
inserts (Schott BK-7) are put in the upper and lower walls to create a four-to-one contraction 
geometry (the use of glass inserts was meant for illumination for the PTV measurements, 
but later on a different illumination is applied.) The upstream and downstream height of the 
channel are 5.1 and 1.55 mm, respectively, giving an actual contraction ratio of 3.29. The 
depth of the flow cell is 40 mm, giving a depth to height ratio of 7 .84, to create a nominally 2 
dimensional flow. The viewing windows have a diameter of 50 mm and are 15mm thick. The 
flow cell is carefully thermally insulated with glass fiber blankets (Fibercon). 

Figure 7.4: Photograph of the flow cell (left) and a close-up of the contraction geometry (right), flow 
is from left to right. Viewing windows are placed halfway the flow cell and near the exit. 

Finite element mesh 

Due to symmetry conditions, only half of the flow geometry is modeled. Two meshes are 
used in the finite element computations, part of them are shown in Figure 7.5. The fine mesh 
is used for the simulations with the Giesekus model and the PTTa-1 model with E = 0.15. It 
consists of 1010 elements, and has 10608 degrees of freedom. For simulations of the PTTa-2 
model with lower f values the coarse mesh is used, which has 360 elements, and a total of 
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3922 degrees of freedom. On rigid walls the no-slip condition is used, along the centerline 
symmetry conditions are prescribed. At the in and outflow a Newtonian velocity profile is 
prescribed. Also the stress at the inflow boundary is prescribed, using an Euler iteration 
scheme to determine the steady state values for the constitutive equations following from the 
Newtonian velocity gradients. The entrance and exit sections of the computational domain 
are chosen sufficiently long to ensure fully developed flow regions upstream and downstream 
of the contraction. The contraction is at x / h = 0, the entrance and exit boundaries are placed 
at x / h = -20 and x / h = 30 respectively. 

Figure 7.5: Part of finite element meshes used in the computations for the flow of the LDPE melt 
through a 4tol contraction, coarse mesh on the left and fine mesh on the right. 

7 .5.1 Velocities 

I u[mm/s] II N I J[Hz] I ~x[mm] I ~y[mm] I 
2.27 1922 60 0.025 0.01 
4.49 500 60 0.025 0.025 
5.90 1000 125 0.025 0.025 
7.30 1000 125 0.025 0.025 

Table 7.3: Details of the PTVmeasurements in the contractionflow, N the numberofrecordedframes, 
f the sample rate, llx the bandwidth used to subtract data along a cross-section, lly the 
bandwidth used for the centerline. 

In the PTV measurements the number of recorded frames and the sampling frequency varied 
with flow rate, and are listed in Table 7.3. A typical PTV-image is shown in Figure 7.6. The 
measurements are compared with calculations along several cross-sections of the geometry. 
As the measured velocity field consists of randomly distributed data points, data are selected 
in a bandwidth surrounding the cross-section positions, the bandwidths are given in Table 
7 .3. Further, to remove mismatched particles, only data points are taken into account with a 
velocity not exceeding the standard deviation of the local average velocity. 

Similar to other studies on the contraction flow of LDPE melt (Ahmed et al. (2), White 
and Baird (150)), recirculation zones are found upstream of the contraction walls, starting 
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Figure 7.6: Typical particle tracking image (De = 16.4). 
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Figure 7.7: Measured (o) and calculated velocities(-: Giesekus model (a= 0.29), - -: PITa-1 model 
(E, ( = 0.15, 0.08)), along several cross-sections (x/h = -3, -2, -0.5, 0.5). 
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at x/h ~ -0.8, indicating strain hardening extensional viscosity (White and Baird (150), 
(151)). Figure 7.7 shows the dimensionless velocities along four cross-sections (x/h = 
-3, -2, -0.5 and 0.5), for the four investigated flow rates. At the lowest flow rate, the pre
dictions for both the models is in excellent agreement with the measurements. For the higher 
flow rates, the models deviate at cross-section x / h = -0.5, the Giesekus model predicting 
a lower velocity near the center and a higher velocity towards the lateral walls. The PTTa-1 
model shows the best agreement with the experiments. 

o experiment 
35 - Giesekus 

-- PTia-1 
301 .__ ___ ___, 

15 

0'----'----'----'---'---'---~ 
-3 -2 -1 0 2 3 

x/h 

Figure 7.8: Measured (o) and calculated velocities(-: Giesekus model (a= 0.29), - -: PTTa-1 model 
(E, ~ = 0.15, 0.08)), along the centerline of the contraction flow. 
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Figure 7.9: Calculated velocity gradients (PTTa-1 model (E, ~ = 0.15, 0.08)) along the centerline, as 
a function of position (left) and time (right), starting at position x/h = -3. 

The results along the centerline are shown in Figure 7.8. The measured velocity starts to 
increase from x/h ~ -2.5, reaches a maximum just downstream the contraction (x/h ~ 
0.25), after-which it gradually decreases to the fully developed flow value. Again, the PTTa-
1 model with€ = 0.15, gives the best agreement. The Giesekus model under-predicts the 

2 
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Figure 7.10: Calculated total strain along the centerline, with the PITa-1 model. 

velocity in the elongational flow region. 
The measured velocities in the downstream fully developed region are slightly lower than 
the calculated velocities, this can be ascribed to the higher aspect-ratio of the downstream 
part. Given a certain flow-rate in a duct, the mean velocity in the plane of symmetry (z = 0) 
will relatively become lower for increasing aspect-ratio, as is shown in Appendix A. The 
maximum velocity is accurately predicted, which in most other contraction flow studies is 
under-predicted (see e.g. Ahmed et al. (2), Feigl and Ottinger (45)), since the influence of 
end-effects was much more due to the poor upstream aspect-ratio (typically~ 1). 
Figure 7 .9 presents the elongation rates along the centerline calculated with the PTTa-1 model 
(c = 0.15). The maximum elongation rate is reached near x/h ~ -0.4, and ranges from 4 
to 14s-1

• The elongation rate as a function of time shows the lower residence time of a fluid 
element in the elongation region. The total strain therefore experienced by the fluid element 
is similar for all flow rates and equals c ~ 1.2 (Figure 7.10). 

7.5.2 Stresses 

Isochromatic patterns 

The full field isochromatic patterns are shown in Figures 7 .11 through 7 .14, together with 
the computed stress patterns for the Giesekus and PTTa-1 model (c, ~ = 0.15, 0.08). The 
PTT model shows the best agreement with the measured isochromatic pattern. For all De
numbers, in the fully developed region upstream of the contraction the same number of 
fringes are predicted as measured, whereas the Giesekus model predicts a lower number. 
Also, along the centerline, the fringes of the PTT model coincide with the experiments, ex
cept at the contraction plane where experimentally an extra fringe is observed and not pre
dicted. 
In the region just before the contraction, the fringes become 'butterfly' shaped, which is also 
calculated by the models. (This is in contrast with most other contraction flow studies, see 
e.g. Ahmed et al. (2), Kiriakidis et al. (77) where similar patterns are predicted but not ob
served in the experiments; this is due to the poor aspect-ratio in the upstream region in these 
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Figure 7.11: /sochromatic patterns for the contraction flow, De = 5.5. Top: experiment, middle: 
Giesekus model, bottom: PTTa-1 model. 
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Figure 7.12: Isochromatic patterns for the contraction flow, De = 10.0. Top: experiment, middle: 
Giesekus model, bottom: PTTa-1 model. 
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Figure 7.13: /sochromatic patterns for the contraction flow, De = 13.2. Top: experiment, middle: 
Giesekus model, bottom: PITa-1 model. 
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Figure 7.14: /sochromatic patterns for the contraction flow, De = 16.4. Top: experiment, middle: 
Giesekus model, bottom: PITa-1 model. 
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Figure 7.15: Isochromatic patterns for the contraction flow as computed with the Giesekus model for 
four De numbers, from top to bottom: De = 5.5, De = 10.0, De = 13.2, De = 16.4. 
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Figure 7.16: Isochromatic patterns for the contraction flow as computed with the PTTa-1 model for 
four De numbers, from top to bottom: De = 5.5, De = 10.0, De = 13.2, De = 16.4. 
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Figure 7.17: The fringes are determined along 4 lines: li (y/h = 0), h (y/h = 0.5), l3 (x/h = 0), l4 
(x/h = 2.4). 
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Figure 7.18: Determination of the fringe positions using (inverted) grey values, here along the cen
terline (De = 16.4). 

studies(~ 1), where the flow can not be considered 2D anymore). The size of the 'butterfly', 
however, is larger in the experiments than numerically predicted. This can be seen clearly in 
Figures 7.15 and 7.16 where the computed and measured patterns are placed on top of one 
another. 
Especially for the high De-numbers, in the experiments, bright areas are found close to the 
downstream lateral walls and the contraction comers, where no fringes could be detected. 
This is probably caused by reflection of the glass inserts forming the contraction. 

Cross-sections 

For a more quantitative comparison results are taken along four lines (e.g. y / h = 0, 0.5, x / h = 
0, 2.5, see Figure 7.17). In the experiments, the fringe location is determined by the intensity 
values along these lines. This is demonstrated in Figure 7 .18 for the centerline. 
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Figure 7.19: Measured (o) and calculated stresses line J, (-: Giesekus model (o: = 0.29), - -: PITa-1 
model (E, e = 0.15, 0.08), ... : linear Viscoe/asticity). 

The results along the centerline are shown in Figure 7 .19. Excellent agreement is found for 
the PTT model up to x/h = -0.5, after-which the predictions are lower than the experiments 
at all flow rates. The Giesekus model lags behind the PTT model (in correspondence with the 
velocity field), but predicts the same maximum stress. This deviation between the maximum 
predicted and measured stress is also found in the study of Ahmed et al. (2). Besides a poor 
description of the elongation behavior by the models, this might also stem from end-effects. 
End-effects have two contradicting influences in this region. First, layers at the front and the 
back do not experience the elongational flow and therefore a lower measured stress level can 
be expected. But, as will be shown in Section 7.9, the 'parasitic' shear layers near the view
ing windows introduce an extra stress, which is maximum along the centerline and increases 
with flow rate, causing a higher stress than predicted for the 2-D case. 
The predicted decay of the stress in the downstream section shows a slightly different behav
ior for the two models. As no experimental data are available further downstream it is not 
clear which of the two models is closer to experiments there. For comparison the stress is 
calculated following from linear viscoelasticity, using the deformation history along the cen
terline from the PTTa-1 model. The nonlinear viscoelastic models deviated from the linear 
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Figure 7.20: Measured (o) and calculated stresses line 2, (-: Giesekus model (a= 0.29), - -: PITa-1 
model (e:, e = 0.15, 0.08)). 

one from x/h ~ -0.5, and the maximum stresses are~ 25% higher. 
The line y/h = 0.5 intersects the butterfly patterns (Figure 7.20). Again, the PTT model 
agrees better with the experiments. Up to x/h = -0.5, the predictions are on top of the ex
periments, closer to the contraction comer the experimental values are first under-predicted 
but in the vicinity of the comer the stresses are higher. The Giesekus model falls below 
the measured values, except close to the comer where the stress exponentially increases and 
higher values are predicted for both the experiments and the PTT model. 
At the contraction plane (x / h = 0), Figure 7 .21, the measurements are higher than the predic
tions. The predictions at the downstream cross-section (Figure 7 .22), show a good agreement 
with the experiments at the lowest De-number. For the other flow rates, the experiments 
are under-predicted near the centerline. Towards the lateral walls a much higher increase is 
predicted (especially by the Giesekus model) than experimentalb' observed. Also notice the 
hump in the curves predicted by the Giesekus model, which is absent in the PTT model and 
the experiments. 
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Figure 7.21: Measured (o) and calculated stresses along line 3, (-: Giesekus model (a = 0.29), - -: 
PTFa-1 model(€, e = 0.15, 0.08)). 

Influence of parameter € 

The PTTa-2 model with the parameters fitted on both the shear and elongational data(€,~= 
0.004, 0.08) failed to give converged solutions. In order to investigate if a lower€ parameter 
would improve the agreement with experiments, the parameter is stepwise decreased until 
divergence occurred. Figure 7 .23 shows the results for the lowest and highest De-number 
along the four cross-sections. Along the centerline the agreement becomes excellent for the 
lowest € value at which a converged solution was obtained (€ = 0.01). Along the other 
lines better agreement with experiments is obtained for intermediate values(€= 0.05 - 0.1). 
The lines near the contraction comer, line 2 and 3, show unrealistic oscillations for the two 
lowest € values, which become more evident for the highest De-number. These can probably 
be ascribed to numerical problems due to the high stress gradients near the comer. For the 
downstream cross-section, line 4, humps are predicted for the lowest € values, similar to the 
Giesekus predictions. 
The isochromatic patterns at the lowest and highest De-number for€ values of 0.1and0.05 
are shown in Figure 7.24 and 7.25 respectively. The agreement improves for these lower€ 
values. 
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Figure 7.22: Measured (o) and calculated stresses along line 4, (-: Giesekus model (a: = 0.29), - -: 
PTTa-1 model(€, e = 0.15, 0.08)). 

7 .5.3 Discussion 

For the contraction flow, the predictions of the PTTa-1 model shows better agreement with 
experiments than the Giesekus model, both for velocity and stresses. All models predict the 
overshoot in the velocity just downstream the contraction, which is also observed experi
mentally in other contraction flow studies (see e.g. Ahmed et al. (2), Kramer (79)). In the 
downstream section, experimentally a slightly lower velocity is found, what probably can be 
ascribed to the higher aspect-ratio of the downstream channel. 
The PTTa-2 model showed convergence problems, but when an intermediate value of the f 

parameter was used the best result was obtained. The isochromatic pattern shows a slight 
deviation near the contraction walls. However, this can stem from the glass inserts, used to 
form the contraction which caused reflection of the light beam giving bright areas at which 
no data was measurable. 
The isochromatic patterns show a 'butterfly' pattern in front of the contraction walls, which 
is also predicted numerically. The PTTa model with f = 0.05 - 0.1, can accurately describe 
place and form of these patterns. Compared to earlier studies on the contraction flow ge
ometry (see Section 2.2), the resemblance of the isochromatics is striking. In most studies 
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Figure 7.23: Measured (o) and calculated stresses with the PITa model for various€, at the lowest 
and highest De-number. Top left: line 1, top right: line 2, bottom left: line 3, bottom 
right: line 4. 

computed and measured profiles are much more different, which can be ascribed to the low 
aspect-ratio in the upstream section (typical~ 1), where the flow can not be considered 2-D 
here. 
Further, it should be noticed that end-effects can cause a higher maximum stress along the 
centerline, as will be investigated into more detail in Section 7.9. The total strain along 
the centerline is relatively low (E ~ 1.2), but the results deviate from linear viscoelasticity 
c~ 2s%). 
It can be concluded that for the investigated contraction flow, the PTTa model is better than 
the Giesekus model. The optimum parameter set is consistent with the shear data, but not 
with the uniaxial extensional behavior. 
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Figure 7.24: Measured isochromatic patterns for the contraction flow at the lowest De-number (5.5), 
compared with computations of the P1Ta model, top:€= 0.1, bottom:€= 0.05. 
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Figure 7.25: Measured isochromatic patterns for the contraction flow at the highest De-number 
(16.4), compared with computations of the PTI'a model, top: € = 0.1, bottom: € = 0.05. 
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7 .6 Planar flow around a cylinder 

In this section, the results are presented for the planar flow around a symmetrically placed 
cylinder. A schematic of the flow is shown in Figure 7.26, the experiments are performed at 
a temperature of 170°0 at four flow rates, the characteristics are shown in Table 7.4. First, 
the flow cell and the finite element mesh will be discussed. Comparison of the numerical and 
experimental velocity field is performed in Section 7 .6.1, and the stresses in 7 .6.2. 

4R 
y/Rl : 

flo\L C1AR 
0 -----~----v--------------

0 x/R 

Figure 7.26: Schematic of the flow around a symmetrically placed cylinder of an LDPE melt. The 
radius is R, the height of the channel is nominally 4R and the depth 32R. The center of 
the cylinder is at x = 0, y = 0. 

I u[mm/s] 11 u/R I De I 

0.96 0.8 1.2 
1.98 1.7 2.5 
5.23 4.4 6.5 
7.55 6.4 9.4 

Table 7.4: Parameters characterizing the flow conditions during the experiments of the LDPE melt in 
the flow around the cylinder. The De number as defined in Equation 2. 7, 'X(T=I 7oac) = 
1.74s. 

Flow cell 

The flow cell is similar to the one used in the contraction study, except that other metal inserts 
are used to create a straight planar flow. The rod is made of Wolfram (diameter 2.375 mm), 
and its tapered ends (diameter 1.8mm) are placed in blind holes in the viewing windows. The 
height of the flow channel is 4.95 mm, and the depth 40 mm. So nominally the depth to 
height ratio is 8 (actually: 8.08), the height to diameter ratio equals 2 (actual ratio: 2.08). 

Finite element mesh 

For most of the computations, the finite element is used as shown on the left in Figure 7 .27. 
It consists of 1190 elements, containing 12510 degrees of freedom. The other mesh has more 
elements in regions of high gradients; near the cylinder surface and in the wake of the cylin
der, and has a total of 2222 element and 22992 degrees of freedom. On rigid walls the no-slip 
condition is used, along the centerline the symmetry condition is prescribed. At the in and 
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outflow a Power-Law velocity profile is prescribed. Also the stress is prescribed at the inflow 
boundary, using an Euler iteration scheme to determine the steady state values for the con
stitutive equations following from the Power-Law velocity gradients. The entrance and exit 
sections of the computational domain are chosen sufficiently long to ensure fully developed 
flow regions upstream and downstream of the contraction. The cylinder is at x / R = 0, the 
entrance and exit boundaries are placed at x / R = -16 and x / R = 30 respectively. 

Figure 7.27: Part of finite element meshes used in the computations for the flow of the LDPE melt 
around a cylinder. 

7.6.1 Velocities 

Velocities were recorded in two sessions; in the region -5 < x/ R < 2, -2 < y/ R < 2, and 
in the region - 2. 5 < x / R < 5, - 2 < y / R < 2. The total number of recorded frames and the 
sample frequency is given in Table 7.5. Figure 7.28 shows the normalized velocities along 
several cross-sections of the flow (x/ R = -4, -2.5, -1.5, 1.5, 2.5). The bandwidths used to 
select data points are given in Table 7.5, velocity data exceeding the standard deviation of the 
average local velocity are removed. 

I u[mm/s] II N I f[Hz] I ~x[mm] I ~y[mm) I 
0.96 2000 60 0.05 0.05 
1.98 2000 60 0.05 0.05 
5.23 2000 125 0.05 0.05 
7.55 2000 125 0.025 0.02 

Table 7.5: Details of the P1V measurements in flow around the cylinder, N the total number of 
recorded frames, f the sample rate, ~x the bandwidth used to subtract data along a cross
section, ~y the bandwidth used for the centerline. 

The measured velocity profile shows a slight asymmetry at cross-sections closest to the cylin
der, indicating a minor displacement of the cylinder. The velocity fields predicted by the mod
els are similar and in good agreement with the experimental velocity field. Only at x/ R = 2.5 
the model predictions differ from one another, at the two highest De-numbers. The PTTa-1 
model predicts a higher velocity near the centerline than the Giesekus model, the latter seems 
to be more in agreement with the experimental data. This is also shown in Figure 7.29, were 
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Figure 7.28: Measured (o) and calculated velocities (-: Giesekus model (a = 0.29), 
PTTa-1 model (E, e = 0.15, 0.08)), along several cross-sections (x/ R 

-4, -2.5, -1.5, 1.5, 2.5). 

the velocities along the centerline are plotted. The PTTa model predicts a higher velocity 
overshoot than experimentally observed. 
Figure 7 .30 shows the elongational rates along the centerline, as calculated using the Giesekus 
model. The maximum is reached at x / R ~ 1.5 and ranges from 1 to 8. The elongation rate 
is also shown as a function of (Lagrangian) time, calculated for a fluid element starting just 
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downstream the rear stagnation point (x/ R = 1.01). The total strain for this element is E ~ 8 
for all the flow-rates. 
For comparison, the deformation history is calculated experienced by fluid elements starting 
upstream of the cylinder, close to the centerline (see Figure 7.32). The effective strain rate is 
defined as: 0.5 * ../2D : D, which equals€ in pure elongation regions and 0.5)' is pure shear 
regions. Clearly, see Figure 7 .33 and 7 .34, the largest gradient is experienced when passing 
the cylinder, where it is both sheared and compressed/stretched. The total strain measure 
calculated for this fluid element is much larger (E ~ 275 and 27 for streamline 1 and 2, re
spectively), than along the centerline (Figure 7.35). Notice, however, that this total strain 
stems from rate-of-deformation tensor (D) that varies in time, and therefore is not easily to 
interpret in terms of deformation history. 
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Figure 7.29: Measured (o) and calculated velocities (-: Giesekus model (a = 0.29), - -: PITa-1 
model ( €, e = 0.15, 0.08), along the centerline of.the flow around the cylinder. 

7 .6.2 Stresses 1 

Isochromatic patterns 

In order to measure the entire isochromatic patterns with a high resolution, several pictures 
are taken in sequence. An individual picture size is -3.5 < x/ R < 3.5, -2 < y/ R < 2, 
and they are recorded at intermediate distances of x/ R = 5.5, covering a total region of 
-5 < x / R < 13. They are shown in Figures 7 .36 through 7.39, together with the predicted 
fringe patterns as calculated by the Giesekus model and the PTTa-1 model (E, ~ = 0.15, 0.08). 

1 The asymmetry found in the velocity field, only slightly effects the stress field. For the highest De-number, 
the difference in the converging region above and below the cylinder was I fringe at the lateral wall, or 93 of 
the measured stress at that point. 
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Figure 7.30: Calculated velocity gradients along the centerline calculated with the Giesekus model, 
as function of position (left) and time (right), for the downstream centerline only. 
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Figure 7.31: Calculated total elongation strain along the centerline in the flow around the cylinder, 
with the Giesekus model. 
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Figure 7.32: Streamlines of particles starting at x / R, y / R = -5, 8 · 10-5 (streamline I) and 
x/R,y/R = -5,8·10-3 (streamline 2). 

The simulations of the PTTa-2 model (E, f.= 0.004, 0.08) gave, again, convergence problems, 
therefore the influence of the parameter Eis treated separately. 
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Figure 7.33: Calculated effective strain rate with the Giesekus model as a fanction of position, along 
streamline 1 (left) and streamline 2 (right). The streamlines are indicated in Figure 7.32. 
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Figure 7.34: Calculated effective strain rate with the Giesekus model as a fanction of Lagrangian 
time, along streamline 1 (left) and streamline 2 (right). The streamlines are indicated in 
Figure 7.32. 

At first sight, the agreement between the measured isochromatic patterns and those calculated 
by the models is good to excellent. In the fully developed region (x / R = -4) both, position 
and number of the predicted fringes are very close to the measured pattern, at all flow rates. 
Only for the highest flow rate, a higher stress is predicted and this can probably be ascribed to 
end-effects, as will be discussed in Section 7.9. At the two lowest flow rates, also the fringes 
at the lateral wall are in correspondence with the experiments. For the higher flow rates, the 
fringes observed in this region are more oval shaped than the predicted ones. This can be 
seen more clearly in Figures 7.40 and 7.41 where the predicted patterns are put on top of the 
experiments. 
In the wake of the cylinder, numerically the stress relaxes within a few diameters of the 
cylinder, whereas experimentally a much longer relaxation is found, for the two highest flow 
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Figure 7.35: Calculated total effective strain with the Giesekus model as a function of position, along 
streamline 1 (left) and streamline 2 (right). The streamlines are indicated in Figure 7.32. 
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Figure 7.36: Measured (top) and calculated isochromatic patterns for the flow around a cylinder, 
De = 1.2. The calculated patterns are from the Giesekus and PTTa-1 model (E, e = 
0.15, 0.08). The numbers indicate thefringe order. 

rates the stress is not relaxed at the end of the investigated region (x / R = 13). Overall, the 
Giesekus model shows the best agreement with the measurements. 

Fringe pattern near the cylinder 

Just upstream of the cylinder, a qualitatively different fringe pattern is predicted than experi
mentally observed. A close-up of this region is shown in Figure 7.42 for the highest flow rate. 
In the experiment, the fringes are observed as nearly concentric circles around the cylinder 
with an increasing fringe order approaching the cylinder, while numerically a more distorted 
pattern is predicted; fringe order first increases but close to the cylinder rapidly decreases. 
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Figure 7.37: Measured (top) and calculated isochromatic patterns for the flow around a cylinder, 
De = 2.5. The calculated patterns are from the Giesekus and PITa-1 model ( €~ = 
0.15, 0.08). The numbers indicate the fringe order. 
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Figure 7.38: Measured (top) and calculated isochromatic patterns for the flow around a cylinder, 
De = 6.5. The calculated patterns are from the Giesekus and PITa-1 model ( t:, ~ = 
0.15, 0.08). The numbers indicate the fringe order. 

On the cylinder surface the predicted fringe order is lowest at x/R,y/R = -1,0, and in
creases towards the converging region x / R, y / R = 0, 1. In the converging region (x / R = 0) 
the fringe order is lowest close to the center and increases towards the cylinder surface. This 
causes closed fringes of lower order at the upstream part of the cylinder. The pattern predicted 
by the models is most acceptable as the stress near the cylinder surface at the symmetry plane 
is close to zero, and will gradually increase going towards the side of the cylinder. The reason 
that this is not observed experimentally can be due to a small misalignment of the optical set
up or to beam deflections, which will prevent viewing fringes close to the cylinder surface. 
Figure 7.42 also demonstrates the high resolution of the optical system. Fringe transitions 
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Figure 7.39: Measured (top) and calculated isochromatic patterns for the flow around a cylinder, 
De = 9.4. The calculated patterns are from the Giesekus and PITa-1 model (E, ~ = 
0.15, 0.08). The numbers indicate the fringe order. 

are observable within 0.02mm, which was not possible using a conventional mercury lamp 
as light-source (this resulted in a uniform grey area close to the cylinder and side walls). 

Stresses at x = 0 

Using the grey value method, the fringe position is determined along the line x = 0 for a 
quantitative comparison. The results are shown in Figure 7.43. At the two lowest flow rates 
both models predict the same stress, and show an excellent agreement with experiments. For 
the higher flow rates, still good agreement towards the cylinder surface for the PTTa-1 model 
and excellent for the Giesekus model. Near the lateral wall, however, experimentally a much 
lower stress is found than predicted. The increase of the stress between the two highest flow 
rates in the experiments is much lower than in other regions. That, and the increasing oval 
shape of the fringe patterns in that region may indicate optical distortions. 

Stresses along the centerline 

Figure 7.44 shows the fringe position along the centerline. In the upstream part excellent 
agreement is found up to the maximum predicted stress by the models, the Giesekus model 
being slightly better. Thereafter the experiment still shows an increasing stress, whereas the 
predicted stresses decrease. In the downstream section a similar shape is predicted at the 
two lowest flow rates, but the computed stress values are lower than the experimental val
ues. Notice that it is not possible to count fringes up to the downstream stagnation point. At 
De = 6.4, the maximum stress predicted by the Giesekus model is close to the experimen
tal one, and at the highest De-number the maximum stress is over-predicted. Actually, the 
stresses in the experiments for the two highest De-numbers are close to one another. Possi
bly, viscous heating is important at the highest flow-rate inducing a lower viscosity and stress 
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Figure 7.40: Measured and calculated (Giesekus model(-)) isochromatic patterns for the flow around 
the cylinder at four De numbers, from top to bottom: De = 1.2, De = 2.5, De = 6.5, 
De= 9.4. 

along the downstream centerline region (see Section 7.9). The PTTa-1 model shows a lower 
stress maximum in all cases. Further, at all investigated De-numbers the stress experimen
tally shows a much slower decay than predicted. As reference, also predictions from linear 
viscoelasticity are shown, clearly in the wake of the cylinder the nonlinear models deviate 
from linear viscoelastic behavior. The difference in maximum predicted stress increases with 
De number (up to a factor 2.5 for the Giesekus model and 1.5 for the PTTa-1 model). The 
shape of the downward slope in the experiments, surprisingly, shows better agreement with 
the linear viscoelastic response. 

Influence of the PTTa parameter f 

The PTTa-2 model with the parameters fitted on both the shear and elongational data (f, ~ = 
0.004, 0.08), failed to give converged solutions. In order to investigate if a lower f parameter 
would give results closer to the experimental values, the parameter f is stepwise decreased 



128 Chapter 7 

x/R 
-4 -2 0 2 4 6 10 12 

2 

y/R 

0 

x/R 
-4 -2 0 2 4 6 10 12 

y/R 

0 

-4 -2 0 2 x/R 4 6 10 12 

y/R 

2 

y/R 

0 

Figure 7.41: Measured and calculated (PTTa-1 model, f, ~ = 0.15, 0.08 (-)) isochromatic patterns 
for the flow around the cylinder at four De numbers, from top to bottom: De = 1.2, 
De = 2.5, De = 6.5, De = 9.4. 

experiment Giesekus PTTa-1 

0.5 

-1.5 -1 x/R -0.5 

Figure 7.42: Close up of the fringe pattern upstream of the cylinder at De= 9.4: experiment on the 
left, Giesekus model in the center, and the PTTa-1 model (f, ~ = 0.15, 0.08) on the right. 
Numbers indicate fringe level. 
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Figure 7.43: Stresses along cross-section x = 0 at four flow rates, (o) determined from the experi
mental isochromatic pattern, (-) Giesekus model, (- -) PITa-1 model (E, e = 0.15, 0.08). 

until divergence occurred (parameter~ is fixed~ = 0.08). Figure 7.45 and 7.46 show the 
results along the cross-section x = 0 and the centerline, respectively. For the lowest De
number the agreement with experiments becomes worse for a lower E value. At higher flow 
rates, the agreement near the cylinder improves for a slightly lower€ value. The deviation 
near the lateral wall, however, increases for a decreasing E parameter. 
The stress. along the centerline upstream of the cylinder as well as the maximum stress in 
the wake of the cylinder can be excellently predicted with a lower value of €. Again, the 
optimal parameter value varies with De-number. Furthermore, the downstream section is not 
in agreement with the experiments for any value. 
Figure 7.47 shows how the isochromatic pattern for the highest De-number is changed by 
varying the € parameter. The number of fringes in the fully developed region of the flow 
increase with decreasing €. Further, the agreement at the lateral wall and in the region between 
cylinder and wall becomes worse. At the lowest value of€ (0.025) unrealistic oscillations are 
observed in the fringes in the wake of the cylinder and downstream at the lateral wall. They 
are probably caused by numerical problems due to a course grid that can not resolve the high 
gradients in the shear layers. 
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Figure 7.44: Stresses along the centerline at four flow rates, (o) determined from the experimental 
isochromatic pattern, (-) Giesekus model, (- -) PITa-1 model(€, e = 0.15, 0.08). 

Mesh refinement and 8 modes 

Some studies encounter different results when the number of modes in the viscoelastic models 
is changed (Baaijens (11), Rajagopalan et al. (129). Here, the 8-mode version shows exactly 
the same results as a four mode version, as is shown in Figure 7.48 for both velocities and 
stress along the centerline at the highest flow rate. This, because the deformation rates in the 
flow are in the range covered by both versions, see Section ?? . 
The results obtained with a refined mesh only shows a small deviation of the maximum 
calculated value, but the downstream tail equals that of the coarse mesh. Also, oscillations in 
the fringe patterns calculated with the PTTa model for low t values, do not dissapear for the 
finer mesh. 

Influence of deformation history 

It is of interest to know if the fluid elements in the wake of the cylinder are influenced by the 
deformation history experienced when passing the cylinder. To investigate this, the stresses 
are calculated along two streamlines starting upstream of the cylinder, close to the center-
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Figure 7.45: Stresses along cross-section x = 0 at four flow rates as predicted by the PTTa model 
with varying€ parameter (parameter e = 0.08 in all cases). 

line (see Figure 7.32). Streamline 1 approaches the front and rear stagnation point closer 
(.D..x/ R :::::: 0.1) than streamline 2 (.D..x/ R :::::: 0.25). The results are are shown in Figure 7.49, 
together with the stresses along the centerline predicted with the Giesekus model at the high
est De-number. Upstream of the cylinder, the stresses are similar up to the point were the 
streamlines move away from the centerline. For streamline 2 this point lies upstream of the 
position where the maximum stress is obtained along the centerline. Since from thereon, the 
particle moves through a combined shear and compression region, the stress continuous to 
increase. Alongside the cylinder surface, the stress successively goes through a maximum 
(stemming from combines shear/compression), a minimum at x/ R = 0 (shear only), and a 
maximum again (from combined shear/stretching). Downstream the cylinder, the stress is 
substantially higher compared to the centerline results, up to the point where is approximates 
the centerline again. This indicates that a fluid element passing the cylinder is pre-stressed be
fore entering the elongation flow in the wake of the cylinder. Further downstream the stresses 
are identical to the centerline results. The departure from the centerline of streamline 1, is 
closer to the cylinder, and shows close agreement with the centerline results in th upstream 
section. Downstream, the effect of pre-stress is also noticeable, since the maximum predicted 
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Figure 7.46: Stresses along the centerline at four flow rates as predicted by the P1Ta model with 
varying €parameter (parameter e = 0.08 in all cases). Notice that the scales are 
different for each figure. 

stress is slightly higher. 

7.6.3 Discussion 

Contrary to the contraction flow, the best agreement with experiments is found with the 
Giesekus model, for the flow around the cylinder. The PTTa model predicts an overshoot 
in velocity in the wake of the cylinder, which is not found experimentally nor predicted by 
the Giesekus model. For the flow of a polyisobutylene solution around a cylinder, Baaijens 
(11) found this effect to depend on the number of modes used in a PTTb model; 1-mode 
predicted an overshoot whereas a 4-mode version did not. Here, however, the predicted 
overshoot remains when describing the non-linear behavior with more modes, indicating this 
phenomenum to stem form the model. 
At the lowest De-number, good agreement is found for the stresses. But for higher De
numbers the deviation from the experiments increases, especially in the wake of the cylinder. 
Other, less pronounced, differences are encountered just upstream of the cylinder and at the 
wall in the converging region between cylinder and lateral wall. The agreement with the 
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Figure 7.47: Measured (top) and calculated isochromatic patterns for the flow around a cylinder, 
De = 9.4. The calculated patterns are from PTTa model for varying E parameter, from 
top to bottom: 0.15, 0.1, 0.05, 0.025. 

fully developed flow in the upstream region, however, is good to excellent at all flow rates. 
The nonlinear effect, illustrated by comparing with linear viscoelastic results from a Maxwell 
model, is stronger for the flow around the cylinder than for the contraction flow. Experimen
tally, the material is found to relax much slower, which is in agreement with the cylinder flow 
studies of Baaijens (11] and Hartt and Baird [63]. 
Possible artifacts that can influence the birefringence measurements (discussed in Section 
7 .9), do not give an explanation of this difference. Therefore, it is postulated that some mech
anisms play a role in this complex flow that are not incorporated in the constitutive models. 
First, the successive different types of deformation history can be important, as has for in
stance been reported by Laun and Schuch (88] on the drawability .of a LDPE melt. A material 
element that enters the planar elongation region in the wake of the cylinder is pre-stressed 
by the shear flow around the cylinder. Consequently it will already partly be stretched and 
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Figure 7.48: Calculations along the centerline for the flow around a cylinder at De = 9.4. Left: 
velocities with 4-mode Giesekus and 8-mode PITa model (f. = 0.15), right: stresses 
with the 4 and 8-mode Giesekus and the 4-mode Giesekus using the finer mesh (Figure 
7.27). 
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Figure 7.49: Calculated stresses along the centerline and streamlines close to the centerline, for the 
flow around a cylinder of the Giesekus model. De= 9.4. 

oriented, and therefore might take a longer time before the stress state becomes isotropic 
again due to diffusion. However, our results do not suggest such a coupling. Particles which 
pass the cylinder on a close distance, relax (nearly) completely before they experience the 
elongational flow in the wake of the cylinder (Figure 7.49). Particles that pass the cylinder 
on a larger distance show such a coupling over a small course before they show identical 
relaxation behavior with the more closer passing particles. 
Secondly, compared to pure shear flow, the polymer molecules will be more extended and the 
relaxation mechanism can be different. However, the relaxation mechanism after an imposed 
elongation strain has not been investigated thoroughly yet. A few studies exist on the relax
ation after uniaxial tension of dilute 'Boger' fluids in a filament stretching device (Nieuwkoop 
(144), Orr and Shridar (120), Spiegelberg and McKinley (136)). They give contradicting re-
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suits. After a rapid decrease of the viscous contribution, Spiegel berg and McKinley ( 136) 
found the elastic forces to decrease faster than in a shear cessation experiment. On the other 
hand, Orr and Shridar (120) experimentally found a slower decay than predicted by a FENE
p model, which was fitted on steady shear behavior. 
To the authors knowledge no such study exists for the behavior of polymer melts. However, 
related to this is the material behavior along the centerline of a contraction flow. Kiriakidis 
et al. (77) found the predicted stress with a 8-mode K-BKZ integral model to relax faster in 
the downstream contraction region than the birefringence results of a LLDPE melt. De Bie 
et al. (36) found similar results for a converging flow of a LDPE melt when compared to pre
dictions of 6-mode Wagner, Giesekus, Leonov and PTT model. On the other hand, Ahmed 
et al. (2) reports a slower decay of the predicted stress with a 8-mode Wagner model for the 
contraction flow of a LDPE melt. 
The cross-slot flow, treated in the next section, gives the opportunity to investigate the relax
ation behavior for melts after (planar) elongational strain. 

7. 7 Cross-slot Flow 

In this section the results are presented for the planar cross-slot flow 1• A schematic of the flow 
is shown in Figure 7 .50, the experiments are performed at two flow rates, the characteristics 
are shown in Table 7.6. The flow rates are a factor two lower than in the other geometries, 
since the flow from the extruder is divided over two channels. In order to attain the same 
order of De-number as in the other geometries, the temperature is taken 150°C. Comparison 
of the numerical and experimental velocity fields are discussed in Section 7 .7.1, the stresses 
in Section 7. 7 .2. 
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Figure 7.50: Schematic of the cross-slot flow of the LDPE melt. Half the channel height (h) is 2.5mm, 
the depth of the channel is 16h. The stagnation point is at x = 0, y = 0. 

1This section is based on the technical report of Engelen and Evers (43) 
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I u[mm/s] 11 u/h I De I 

I !:~ II ::;~ I ::~ I 
Table 7.6: Parameters characterizing the flow conditions during the experiments of the LDPE melt 

in the cross-slot flow. u is the mean velocity, u / h the characteristic shear rate, h half the 
channel height. The De number as de.fined in Equation 2.8, the average relaxation time of 
the LDPE melt at 150°0 is 3.41 s. 

Flow cell 

The flow cell, made out of steal (100MnCrW4), was developed in our laboratory (see Figure 
7.51). The polymer melt coming from the extruder is split into two equal streams, which are 
led to opposite channels of the flow cell. These two streams are impinged and the material 
flows away through two channels perpendicular to the inflow channels. The height of the 
channels is 5mm, the depth 40mm, giving a depth to height ratio of 8. To minimize the 
influence of three dimensional effects near the stagnation region, The corners are rounded 
with a radius of l .25mm. The radius of the corner influences the elongation rate, but not the 
total strain. The length of the in and outflow channels are respectively 120mm and 90mm 
so that the material is fully relaxed when approaching the stagnation region. The stagnation 
region is made visible by two rectangular glass windows (Schott BK-7, lenght x height x 
width= 148 x 48 x 20mm). 

Figure 7.51: Picture of the cross-slot flow device, the arrows indicate the flow direction. The inflow 
(left picture) is divided into two equal streams leading to opposite channels. The two 
stream are impinged (right picture). 

Finite element mesh 

Only one quarter of the flow geometry is modeled. Part of the finite element mesh used in the 
simulations of the cross-slot is shown in Figure 7 .52. The mesh consists of 1904 elements, 
containing 19818 degrees of freedom. On rigid walls the no-slip condition is used, along 
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centerlines the symmetry condition is prescribed. At the in and outflow a Power-Law velocity 
profile is prescribed with (nearly) the same average velocity as measured in the symmetry 
plane of the upstream section. Also the stress is prescribed at the inflow boundary, using 
an Euler iteration scheme to determine the steady state values for the constitutive equations 
following from the Power-Law velocity gradients. The entrance and exit sections of the 
computational domain are chosen sufficiently long to ensure fully developed flow regions 
upstream and downstream of the stagnation point. The stagnation point is at ( x / h, y / h) = 
(0, 0), the entrance and exit boundaries are placed at y/h = -10 and x/h = 20 respectively. 

Figure 7.52: Part of finite element mesh used in the computations for the flow of the LDPE melt in the 
cross-slot. 

7.7.1 Velocities 

I u[mm/s] II N I J[Hz] I ~x[mm] I ~y[mm] I 

I!:~ II;: I~~ I~:~; I~:~; 
Table 7.7: Details of the P1V measurements in the cross-slot flow, N the total number of recorded 

frames, f the frequency, !lx the bandwidth used to subtract data along a cross-section in 
vertical direction, fly the bandwidth used for a cross-section in horizontal direction. 

The velocity field is recorded in 3 regions, each covering an area of -2.6 < x/h < 2.6, -2.6 < 
y / h < 2.6. The center of one region is placed at the stagnation point, the others are shifted 
2.3h in they and x direction with respect to the first, in order to measure the up and down
stream region, respectively. Table 7.7 presents the experimental details. In Figure 7.53, the 
profile of the velocity component in y-direction is depicted at several positions in the up
stream region (y / h = 3.2, 2.5, 2.0, 1.5, 0.5). Both models show a good prediction of the 
measured velocity profiles, although the numerical velocity is taken a little too high. 
The profile of the velocity component in x-direction in the downstream region is depicted 
in Figure 7.54, at several cross-sections (x/h = 0.6, 1.0, 1.4, 1.8, 2.4 and 3.2). At the cross
section furthest downstream (x / h = 3.2), where the flow is fully developed again, also a 
good agreement is found. At the other cross-sections, the predictions deviate considerably 
from the measurements. Near the centerline, the area of strong elongation, both the Giesekus 
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and PTTa-1 model overestimate the velocity. This leads to a more plug-like measured profile 
at cross-sections up to x/h = 2 and, consequently, the velocity is under-predicted near the 
lateral wall. 
As the residence time near the stagnation point approaches infinity, a relatively small amount 
of polymer melt flows through this area, and only a few data points are measured along the 
downstream centerline. These are shown in Figure 7.55. The velocity profile in the upstream 
part is in good agreement, but in the downstream part it is, in agreement with the cross
sectional measurements, over-predicted; the PTTa model even predicts an overshoot, which 
is not observed in the experiments. 
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Figure 7.53: Measured (o) and calculated velocities (-: Giesekus model (a 0.29), 
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PTTa-1 model (€, e = 0.15, 0.08)), in y-direction at several cross-sections ( * 
3.2, 2.5, 2.0, 1.5, 0.5). Top: De = 4.1, bottom: De = 6.0. 
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Figure 7.54: Measured (o) and calculated velocities (-: Giesekus model (a 0.29), 
PTTa-1 model (€, e = 0.15, 0.08)), in x-direction at several cross-sections ( * 
3.2, 2.5, 2.0, 1.5, 0.5). Top: De= 4.1, bottom: De = 6.0. 
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Figure 7.55: Measured (o) and calculated velocities (-: Giesekus model (a = 0.29), - -: PTTa-1 
model(€, e = 0.15, 0.08)), along the symmetry lines for De= 4.1and6.0. 
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Figure 7.56: Calculated velocity gradient along a streamline close to the centerline with the Giesekus 
model, as a function of the position (left), and time (right). 

Figure 7.56 shows the velocity gradient for a material element starting near the upstream cen
terline, calculated with the Giesekus model. It approaches the stagnation point very closely 
(x/h, y/h ~ 0.01, 0.01). The elongation rates range from 1.7 <f.< 2.5. Further, it is shown 
that in the stagnation region, the fluid element experiences almost a constant elongation rate. 
The time during which this elongation rate is experienced depends on both flow rate and dis
tance from the stagnation point. The total strain is independent of flow rate, and for this fluid 
element f ~ 10 (Figure 7 .57). 
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Figure 7.57: The total elongation strain calculated with the Giesekus model. 

7.7.2 Stresses 

Isochromatic patterns 

The isochromatic fringe pattern is recorded with 6 images for the lowest flow rate and 7 for 
the highest. An individual picture size is 8.32h x 5.92h in the x and y direction, respectively. 
One image is taken of the inflow region, its center placed at y / h = 4.32, one of the stagnation 
region and the others of the outflow region taken at intermediate distances of 4.56h. The 
scanned flow region ranges from -1.25 < y/h < 4 and -2 < x/h < 15.25 for the lowest 
flow rate, and -1.25 < y/h < 4 and -2 < x/h < 18 for the highest flow rate. The entire 
recorded fringe patterns are shown in Appendix F. 
For comparison with the simulations a smaller region is depicted in Figures 7.58 and 7.59. 
For both flow rates, the fringe pattern near the lateral wall was not well defined; probably 
due to a too high light intensity. This effect is also noticeable in the upstream section at the 
highest flow rate were the fringe with order 4 (close to the wall) is hardly visible. In the fully 
developed inflow region, the predicted stress is higher than for the experiments, which can 
partly be ascribed to the slightly higher mean velocity in the calculations. The predictions of 
the models are very close to each other, the Giesekus model predicting more fringes near the 
stagnation point and a higher stress along the outflow centerline. 
In the experiments the material is not relaxed in the depicted region. This is shown more clear 
in Figure 7.60. The stress increase towards the stagnation point is predicted very well, but 
in the experiments a much higher stress is found in the stagnation region, and relaxes slower 
in the downstream region. It should be noticed that due to the high stress gradient near 
the stagnation point, it was not possible to distinguish all individual fringes in the upstream 
section. This effect will be less when a larger rounding of the comers will be used, but of 
coarse 3 dimensional effects will become more important. 
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Figure 7.58: /sochromatic patterns for the cross-slot flow, De = 4.1. Top: experiment with Giesekus 
model, bottom: experiment with PTTa-1 model. 
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Figure 7.59: Isochromatic patterns for the cross-slot flow, De = 6.0. Top: experiment with Giesekus 
model, bottom: experiment with PTI'a-1 model. 
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Figure 7.60: Measured (o) and calculated (Giesekus (-), PITa-1 (--))stresses along the centerline of 
the cross-slotflow,for De= 4.1 (left) and 6.0 (right). 

Influence of PTTa parameter € 

Figure 7 .61 shows the predicted stress along the centerline for decreasing values of the € 
parameter in the PTTa model (parameter(, is fixed(,= 0, 08). The maximum predicted stress 
at the stagnation point is in agreement with measurements at intermediate values;€~ 0.04 for 
De= 4.1, and€~ 0.05 for De= 6.0). However, the downstream relaxation of the material 
is still under-predicted. Furthermore, for lower values of the parameter, the agreement for the 
full field isochromatic pattern in the fully developed upstream section becomes less good, as 
is shown in Figure 7 .62. 
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Figure 7.61: Measured (o) and calculated stress(-) along the centerline for decreasing€ parameter 
in the PITa model (parameter e = 0.08). On the left De= 4.1, on the right De= 6.0. 
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Figure 7.62: lsochromatic patterns for the cross-slot flow, De = 6.0. Experiment with P1Ta model 
(€, ~ = 0.05, 0.08). 

Steady state values 

In a region surrounding the stagnation point, the stresses reach steady state, as the residence 
time of a fluid element is long. This is shown in Figure 7 .63 for the Giesekus model by 
tracking along streamlines that come close to the stagnation point (x/h, y/h :::::: 0.01, 0.01). 
Therefore, the experimental data in the stagnation point are the steady state values, and can be 
used to estimate the planar elongational viscosity which can be compared with predictions of 
the different models (the elongation rate is taken from calculations with the Giesekus model). 
As shown in Figure 7.63, the Giesekus and PTTa-1 model under-predict the measurements, 
whereas the PTTa-2 model over-predicts the measurements. The intermediate value f = 
0.045, gives the best resemblance. 

7. 7.3 Discussion 

The predicted velocity field in the upstream section of the cross-slot device shows good agree
ment with measurements, although the prescribed velocity in the simulations was taken a little 
too high. In the downstream section differences are found; experimental velocities showing 
a slower increase along the centerline. Similar to the results for the flow around the cylinder, 
the Giesekus model gives the best prediction of the velocity field. The PTTa model again 
predicts a velocity overshoot downstream of the stagnation point, which is not seen in the 
experiments. 
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Figure 7.63: On the left, calculated stress (solid lines) and elongation rate (dashed lines) with the 
Giesekus model along a streamline near the stagnation. On the right, the predicted 
steady planar elongation viscosities at l50°C are shown, together with the experimental 
values of the cross-slot device. The parameter~ in all PITa models equals 0.08. 

Also, the stresses are not in agreement with the experiments. The number of fringes in the 
fully developed inflow section is slightly over-predicted. This in contrast, with the stress at 
the stagnation point where the stress is under-predicted by the Giesekus and PTTa-1 model. 
The steady state stress in the stagnation point is correctly predicted by the PTTa model with 
E = 0.045, which is not consistent with the uniaxial elongation data. 
Moreover, similar to the flow around the cylinder, the downstream stress relaxation is pre
dicted much faster than experimentally found. Just as stated in the discussion on the flow 
around the cylinder, the results for the cross-slot flow also indicate that the relaxation behav
ior of the polymer melt in elongation differs from shear. 
Furthermore, it is shown that by monitoring both the entire velocity and stress field, the 
steady state planar viscosity can be determined at the stagnation point, without concern of 
the boundary conditions. However, due to the high stress gradients, identifying of the indi
vidual fringes is difficult and a tedious procedure. Taken a larger rounding of the comer will 
introduce a more gradual stress built-up. On the other hand the elongation rate will become 
lower and end-effects have to be taken into account. Only two flow rates were investigated 
covering a small range. The region can be enlarged by measuring at different temperatures, 
and using the time-temperature superposition principle to create a master curve. 
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7.8 Fixed viscosity (Feta) models 

7.8.1 Introduction 

In this section it is investigated whether the new class of proposed models (Section 3.5.l) 
can capture the flow behavior of the LDPE melt in the three complex flows investigated. 
Since the Feta models are not (yet) implemented in the finite element code, they will be 
evaluated along earlier predicted streamlines in the elongational regions. Two functions are 
selected to describe the relaxation time. Besides the exponential form of the PTT model for 
the relaxation time, also the principle of variable drag will be used (since the experiments 
qualitatively indicate this behavior, see also Section 7.6.3). They are denoted Feta-PTTa and 
Feta-VD, respectively. The different modes in the viscosity function are described by the Ellis 
model, with the parameter values given in Section 3.5.1 (A, a, b = 2, 2, 1). The cross-slot flow 
will be used to fit the parameters in the additional relaxation time functions. The contraction 
and cylinder flow will than be used to validate the models with the given parameter sets. 

7 .8.2 Predictions in viscometric flows 

Since the Feta-PTTa model has only I adjustable parameter, this model is fitted on the steady 
planar elongational viscosity, obtained with the cross-slot device. The results are presented 
in Figures 7.64 and 7.65. Similar to the original PTTa model, a value€ = 0.045 gives the 
best agreement with measurements. Figure 7.64 shows the corresponding material functions 
in steady shear. Evidently, the shear viscosity function is unaltered by varying the parameter. 
The first normal stress predictions are quite good, but the uniaxial elongation measurement 
are under-predicted (Figure 7.65 right). (Notice that the results are presented at different tem
peratures). 
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Figure 7.64: Prediction of the Feta-PITa model for the steady shear viscosity (on the left) and first 
normal stress difference of the LDPE melt (on the right) at T = 190°C,for varying€ 
values. 
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Figure 7.66: Prediction of the viscosity (left) and first normal stress difference (right) of the LDPE 
melt in steady shear (T = 190°0), with the Feta-VDJ model (€,e = 0.12,0.44), 
Feta-VD2 (t:, e = 0.18, 0.65), Feta-P1Ta model (E = 0.045) and P1Ta model (E, e = 
0.045, 0.08). 

The Feta-VD model has two parameters, one introducing the variable drag concept at rela
tively low stresses (per mode), and the other to obtain a similar form as the PTTa function 
at higher stresses. The latter is needed to avoid singularities in the elongational viscosity 
function. Two parameter sets have been fitted on the complex flow measurements, which are 
presented in the next section. Figure 7 .66 shows the predictions in steady shear and Figure 
7.67 for elongation. For comparison also the material functions of the PTTa and Feta-PTTa 
model are shown, both with € = 0.045. The model predictions of the first normal stress 
difference are very close, the Feta-VD model with f, ~ = 0.18, 0.65 (Feta-VD2), relatively, 
gives the poorest agreement with measurements. 
Introducing the variable drag concept alters the shape of the elongational curves; the onset 
of the tension thickening region shows a (not very natural) sharp increase for each mode 
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Figure 7.67: Prediction of the steady planar elongational viscosity of the LDPE melt at T = 150°C 
(on the left), and the transient uniaxial elongational viscosity at T = 120°C (on the 
right), with the Feta-VD I model (E, e = 0.12, 0.44), Feta-VD2 (E, e = 0.18, 0.65), Feta
P1Ta model (E = 0.045) and P1Ta model (E, e = 0.045, 0.08). 

(compare 'T/p for Feta-VD and Feta-PTTa in Figure 7.67). This suggests to use fewer or 
the opposite, more modes in order to get a more smooth curve. The predictions of the 
Feta-PTTa model are almost similar to the predictions of the original PTTa model (with 
E, ~ = 0.045, 0.08). The upswing in the uniaxial elongational curves is nearly the same 
for all models. The end levels are too low when compared to the measurements, although the 
VD models do a somewhat better job. 

7 .8.3 Complex flows 
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Figure 7.68: Predictions of the stresses along the centerlines in the cross-slot flow using streamline 
integration on streamlines obtained with the Giesekus model (Section 7.7.1), for the 
Feta-VDJ model (E,e = 0.12,0.44), Feta-VD2 (€,e = 0.18,0.65), Feta-P1Ta model 
(€ = 0.045) and P1Ta model(€, e = 0.045, 0.08). T = 150°C. 
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Figure 7.68 shows the predictions of the models along the centerline of the cross-slot device 
using the deformation history of the simulations with the Giesekus model (these were in best 
agreement with experiments). In correspondence with the estimated steady state values, the 
Feta-PTTa model excellently predicts the maximum stress in the stagnation point, together 
with the upstream region. However, similar to the PTTa model(~, t = 0.08, 0.045) the relax
ation of the stress in the downstream region shows a faster decay than the experiments. In 
fact, its prediction almost equals that of the PTTa model. This is also found for the predic
tions of the flow around the cylinder (Figure 7.70), whereas for the contraction flow the PTTa 
predicts higher stresses. (Figure 7 .69). 
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Figure 7.69: Predictions of the stresses along the centerlines in the contraction flow using streamline 
integration on streamlines obtained with the PITa-1 model (Section 7.5.1 ), with the Feta
VD 1 model (E, e = 0.12, 0.44), Feta-VD2 (E, e = 0.18, 0.65), Feta-P1Ta model (E = 
0.045) and P1Ta model (E, e = 0.045, 0.08). T = l 70°C. 

The variable drag concept can accurately capture the relaxation behavior of the LDPE melt 
in the cross-slot flow, as is shown in Figure 7 .68 with parameter set 1. However, the Feta
VD 1 model under-predicts the contraction flow measurements, and over-predicts the cylinder 
flow results. In the cylinder flow the postponed relaxation is also observed. The second 



150 Chapter 7 

De:;;:1.2 -Feta-VD1 De:;;:2.5 -Feta-VD1 
2.5 -- Feta-VD2 2.5 -- Feta-VD2 

- · Feta-PTT< - -Feta-PTTc 
····· PTTa ···· PTTa 

0.5 0.5 

o-1-e-~;:::_z-.-_L_-,---=:;:==::~""""'"'l"-.......,~-L 0--1.&-..,:::::::::':-.l~_l_-.--~.--::::::;::::==:~~~,,.,j_ 

-4 -2 0 2 xlfi 6 8 10 -4 -2 0 2 xlfi 6 8 10 

3 105 3 105 

De=6.4 -Feta-VD1 De:;;:9.5 -Feta-VD1 
2.5 -- Feta-VD2 

- · -Feta-PTTa 
-- Feta-VD2 
- -Feta-PTTa 

2.5 

··· PTTa ··· PTTa 

0.5 0.5 

o-+-=-..-L-.--'--.--~~~~-.--~~--'- 0-+-""--..-'-~-'--.--~~-.-~-.--~~--'-

-4 -2 0 2 xlfi 6 8 10 -4 -2 0 2 xlfi 6 8 10 

Figure 7. 70: Predictions of the stresses in the flow around the cylinder using streamline integration 
(streamline 1, Section 7.6.1), with the Feta-VDJ model (E,e = 0.12,0.44), Feta-VD2 
(E, e = 0.18, 0.65), Feta-PTTa model (E = 0.045) and PTTa model (E, e = 0.045, 0.08). 
T = 170°C. 

parameter set was fitted on the results of both cross-slot and cylinder flow, but does not 
give a large improvement. Probably, this can be ascribed to the chosen function to describe 
variable drag, which shows very irregular behavior (see Figure 7.67). Also it should be 
noticed that deviations in the cylinder flow at the highest De-number are expected to have a 
non-isothermal nature, since the stress predictions are very close to experimental values for 
the the second highest De-number (see also Section 7.9.2). However, it is shown that the 
concept of variable drag qualitatively gives the experimentally observed phenomena. It was 
argued that the relaxation mechanism in elongation flow is different from shear. In Figure 
7.71 the stress predictions along a shear dominated streamline close to the lateral wall are 
given, at the highest De-number (starting point: x/ R, y/ R = -9, 2.02, and a shear rate of 
'Y = 5 in the fully developed region). It shows that the relaxation of the Feta-VD models is 
indeed not changed compared to that of the PTTa model. In agreement with small difference 
in the curve fits of 'f/ and N1 (Figure 7 .66), the stresses are slightly higher. 
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Figure 7.71: Predictions of the stresses in the flow around the cylinder along a streamline close to 
the lateral wall (y/ R ~ 2.02), with the Feta-VD I model (E, e = 0.12, 0.44), Feta-VD2 
(E, e = 0.18, 0.65), Feta-PITa model (E = 0.045) and PITa model (E, e = 0.045, 0.08). 
The shear rate in the fully developed region is "f ~ 5. T = 170° C. 

7 .8.4 Discussion 

The fixed viscosity model in combination with the PTTa type of relaxation type function, 
gives nearly similar results as the original PTTa model for the E parameters investigated. 
Both accurately describe the planar elongational viscosity, estimated with the cross-slot flow, 
with parameter E = 0.045 (with the additional f. parameter in the PTTa model equal to 0.08). 
Again, this value is not consistent with the uniaxial measurements. Also, similar results are 
obtained for the stresses along streamlines in the cross-slot and the cylinder flow. Besides, the 
measured retarded relaxation behavior in these flow geometries is not captured by the Feta
PTTa model. Only for the contraction flow the prediction of of Feta-PTTa model is lower 
than the PTTa model. 
The Feta-model combined with the variable drag concept (Feta-VD), does capture both the 
maximum stress and the retarded relaxation along the streamline in the cross-slot flow. More
over, the effect is only noticeable in the elongational part of the flow and not in the shear 
regions. However, there is not a unique parameter set that captures also the other two inves
tigated complex flows. This can probably be ascribed to the chosen function to describe the 
variable drag concept, which shows a not very realistic description of the steady elongation 
viscosity. 
For the results presented, unwanted deviations in the experimental results (especially FIB) 
should be regarded with care, as they might lead to erroneous conclusions. Some reserva
tions were already made in this chapter when discussing results. However, this topic is rather 
complex and, therefore, is dealed with seperately, and in more detail, in the next section. 
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7 .9 Deviations in FIB experiments 

The flow induced birefringence experiments are subject to two sources that cause deviations 
from measurements in an ideal isothermal, 2 dimensional flow. First, they are influenced by 
end-effects introduced by the viewing windows, as the signals are the integral result along the 
depth of the flow cell. This will be numerically investigated for a slit flow in Section 7.9.1. 
Secondly, beam deflections can occur, stemming from a locally varying refractive index. The 
beam deflections along the centerline of the flow around the cylinder are measured to estimate 
the importance thereof (Section 7.9.2). 

7.9.l End-effects 

Approach 

In Section 4.4.2 the theory on 3 dimensional flow induced birefringence measurements was 
explained for a large total retardation. Numerical difficulties prevent at present such an anal
ysis for complete complex flow geometries and, therefore, the influence of end-effects will be 
treated qualitatively for a fully developed Newtonian slit flow. The 3 dimensional stress field 
is calculated with the 4-mode Giesekus model. The stresses are converted into optical pa
rameters (birefringence levels and orientation angle), using the stress optic law, and Mueller 
matrices are constructed for thin slabs of material. The retardation and orientation angle of 
the total Mueller matrix are compared to the ideal 2 dimensional case for a number of flow 
rates and aspect ratios. Conclusions will be drawn with respect to isochromatic experiments. 
The influence on isoclinic experiments, not applied in this thesis, is discussed in Appendix C. 

3-Dimensional properties in a slit flow 

As we are only interested in demonstrating the effects of the shear layers at the front and back 
wall, and since we want to be able to analyze, globally, different influences, such as those of 
geometry and flow rate, the 3 dimensional velocity field is approximated by a Newtonian ve
locity profile (Appendix A). For the flows investigated in this study, the actual flow profile is 
not significantly different. The deformation gradients are determined in a total of 1681 points 
(41 equally spaced in both directions) in one quarter of the flow field. The dimensions are 
taken from the inflow section of the flow channels (nominally : h = 5[mm], d = 40[mm]), 
and the mean 2-D velocities corresponding to the limiting values of the flow in our experi
ments (U x = 2 - IO[mm/ s]). Figure 7.72 shows the calculated velocity gradients for the 
highest velocity. The flow is in x-direction, the height and depth of the slit are in the y and 
z-direction, respectively. In approximately 75% of the flow cell, the flow profile is constant 
in the z-direction. Near the end walls, the gradient BUx/ By gradually becomes zero, whereas 
the 'parasitic' gradient BUx/Bz reaches a maximum. The maxima of both gradients are of 
the order IO[s-1 ]. 

To investigate the influence of the aspect-ratio of the channel, two extra calculations are 
performed for an aspect-ratio of 20 and 1, respectively. To make an objective comparison 
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Figure 7.72: Velocity gradients ('Yxy (left) and 'Yxz (right)), for afally developed Newtonian fluid in a 
slit with depth to height ratio of 8 and mean velocity JO [mmls]. 

between the optical properties, the depth of flow cell is held constant, and the flow rate is 
adjusted to obtain the same velocity gradient 8Ux/8y along z/d = 0. Obviously, the 2 
dimensional region of the flow cell will respectively be larger (90%) or completely absent 
compared to the ratio of 8. 
The 4-mode Giesekus model is used to determine the 3 dimensional stress field at l 70°C 
(Appendix D). With the stress optical rule, the stresses are converted into birefringence levels 
and orientation angles using Equations 4.17 and 4.18. Results are shown in Figure 7. 73 for 
the highest flow rate. Close to the mid-plane (y / h = 0) the usual pattern is seen for the 
extinction angle, its value being close to 45° (actually: 37°) and gradually decreases towards 
the lateral wall (21° at * = 0.5). Near the front and back wall (z / d = 0.5) the extinction 
angle decreases, as a consequence of the parasitic birefringence which stems solely from N1 

(caused by the 'parasitic' 8Ux/8z gradient). In this region, the largest deviation from the 2 
dimensional case is in the mid-plane (y/h = 0, z/d = 0.5). From the mid-plane towards the 
lateral wall the deviation becomes less and practically equals the 2 dimensional case at the 
lateral wall (y / h = 0.5). 

End-effects in isochromatics measurements 

Given the 3 dimensional optical properties, the Mueller matrices of thin slabs of material can 
be calculated and the Mueller matrix Mtot of the entire sample can be constructed (Equation 
4.13). The polariscope for visualization of isochromatics (Section 4.4.5, Equation 4.22) se
lects the first and last component of the total Mueller matrix (Mtot ( 1, 1) - Mtot ( 4, 4) ). The 
last component reflects the total birefringence of the material and reads cos Ot for a homo
geneous sample. Figure 7.74 shows the retardation Ot for the ideal 2 dimensional case and 
the 3 dimensional case. The retardation is corrected for order transitions. The 3 dimensional 
nature causes a higher retardation at the center and a lower retardation at the lateral wall. The 
deviation from the 2 dimensional case are listed in Table 7 .8., For the slit investigated here 
the maximum deviation is 6%. 
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Figure 7.73: Optical properties (birefringence !:::..n (left) and orientation angle x (right)) of the poly
mer melt at 170°0 in a slit flow(* = 8, Ux = lO[mm/s]), as calculated with the 
Giesekus model. The orientation angle at y / h = 0 and z / D = 0.5 is not shown here. 

Also indicated in the figure are the retardation levels at which an isochromatic fringe is ob
served (k · 27r). Compared to the 2 dimensional case the fringes are shifted towards the lateral 
walls and the displacement increases with the distance from the center of the channel. It is 
important to notice the large differences for the 'slit' with an aspect-ratio of 1, which is used 
in many contraction flow studies for the upstream region (see Table 2.1). 
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Figure 7.74: Influence of the aspect-ratio on the total retardation ~t in a slit flow. The horizontal 
lines indicate fringe orders. On the left for the minimum flow rate, on the right for the 
maximum flow rate. 

Conclusions 

The numerical study on the influence of end-effects on the birefringence experiments shows 
that for an aspect-ratio of 8, compared to the ideal 2-D case, the retardation is 6% lower at 
the lateral walls and 5% higher at the mid-plane of a slit flow (compared to the maximum 
retardation at the lateral walls), for typical experimental conditions used in this study. This 
implies, in case of the cylinder and cross-slot flow, in the fully developed shear regions at 
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d £!:L(1l - 0 5 z - 0) 63D(t=O) bJD(i=0.5) 
h 8y h- .,d- 62D(f=0.5) 62D(i, =0.5) 

20 12 0.02 0.98 
8 12 0.05 0.94 
1 12 0.31 0.78 
8 2.4 0.03 0.94 

Table 7.8: Influence of aspect-ratio and flow rate on the deviation of the retardation from the two 
dimensional case, with respect to the maximum retardation near the lateral wall. 

the centerline of the flow (where we mainly focused on) a maximum extra contribution of 
0.2 fringes(= 0.05 x 4 fringes), which will not be observable in the experiments. The same 
value is found for the upstream part of the contraction flow, but in the downstream part two 
effects are important. First, the aspect ratio of the channel is higher(~ 26) which will lower 
the deviation, but the velocities (and velocity gradients) are higher c~ f actor4) which will 
increase the deviation (see Table 7 .8). Assuming both competing effects will approximately 
balance each other, the deviation along the centerline of the downstream region is of the order 
I fringe(= 0.05 x 20 fringes), and therefore important for the interpretation of the birefrin
gence results. 
If we assume that the 'parasitic' regions near the viewing windows have the same dimensions 
throughout the entire flow geometries, the deviations in the measured birefringence close to 
the stagnation regions in the cylinder and cross-slot flow will be comparable with the devia
tion found at the lateral walls in the slit flow c~ 6% lower), since the contribution of the shear 
layers is negligible in both cases (the 'parasitic' shear rate is close to zero)1 

However, the elongation region of the contraction flow is different; besides the increasing 
elongation rate, also the 'parasitic' shear gradient at the front and back wall will increase. 
Consequently, the shear layers give an extra contribution to the stress. This explains the 
higher retardations found in the experiments along the centerline from x / h = -0.5 down
stream, (of order I fringe). 
For the relatively slow flows investigated in this study, it is not expected that the results will 
be much different when incorporating shear thinning instead of Newtonian behavior. As is 
shown in the case of the polymer solution (Section 6.2), for shear-thinning behavior, the de
viation near the lateral wall will decrease, whereas the deviation near the center will increase. 
Part of the deviations is accounted for in the stress optical coefficient, as in the determination 
(Section 7.4) it is not corrected for end-effects (and consequently~ 6% too low). 
The influence in isoclinics experiments is much larger. Since this technique is not applied in 
this thesis, it is described in Appendix C. 

1 Recently, the 20 viscoelastic code in our group (OEVSS/DG), has been extended to 30 (Bogaerds (22)). 
The first simulations on the cross-slot device support these assumptions. The retardation in the stagnation point 
is~ 83 lower in the 3-0 case, compared to the 2-0 case. Moreover, the relaxation of the stress downstream of 
the stagnation point is hardly influenced. 
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7.9.2 Beam deflections 

In this section the influence of light beam deflections on the birefringence measurements will 
be discussed. The flow around the cylinder is taken as a test case, and beam deflections are 
measured along the centerline of the flow where the most strong effects can be expected (see 
Peters and Baaijens (123)). The level of stress and temperature gradients, that can cause 
noticeable deflections, is estimated. 

Schlieren angles 

If we assume the flow to be homogeneous in the z-direction (ideal 2D), the following Schlieren 
angles, the angles between the direction of a light-beam entering and leaving the flow cell, 
can be approximated by (see e.g. Meyer (112)): 

{L !_an dL 
lo nax 

r !_an dL 
10 nay 

(7.1) 

(7.2) 

where n is the mean refractive index, ~: and ~; the refractive index gradients, and L the path 
length of the light beam through the flow channel. 
Of more importance for the fieldwise birefringence measurements, is the deflection of a light 
beam at the front wall (the focus-point of the camera in the FIB experiments), as indicated in 
Figure 7.75. In polymer melt flow, the deflections can stem from local stress gradients and/or 
temperature gradients. Along the centerline, a simple relation results for the stress induced 
deflections (Galante (53)), when the stress gradients are assumed to be constant along the 
light beam path: 

~x 
L2CaN1 (7.3) = ----

2 ax 

~y 
L2CaN1 (7.4) = ----

2 ay 

where C denotes the stress optical coefficient. 
Deflections caused by temperature gradients, can be calculated with: 

~x 
L2n an aT 

(7.5) = ------
2 arax 

~y 
L2n an aT 

(7.6) = ------
2 8T ay 

where g;, is the index gradient. For the investigated LDPE melt this coefficient equals g;, = 
-3.3 · 10-4 K-1 (Appendix E). The two have opposite effects, a light beam will bent towards 
a region of lower temperature but higher stress. 
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Beam deflections in the flow around a cylinder 

To investigate the importance of beam deflections, a simple experiment is performed for the 
flow around the cylinder at the highest flow rate (De = 9.4). The experimental set-up is 
schematically shown in figure 7.75 for a beam deflection in y-direction. A 5mW HeNe laser 
generates a laser-beam (in z-direction), which is focused by a collimating lens (f = 400mm) 
into the flow cell. The laser beam is translated along the centerline of the flow (x-direction) 
and the deflection is visualized every 0.5[mm] on a screen (~y8 ), placed on the other side of 
the flow cell. The measured deflection at the screen (~ys) is correlated to the deflection angle 
(8y) and the deflection at the front wall (~y) by straightforward goniometric relationships. 
In Appendix E, this is described in more detail, taken into account the polymer/glass and 
glass/air transitions. Images of the screen are captured with a CCD camera and directly 
digitized with an image processing system. As the accuracy of the system increases with the 
distance between screen and flow cell, the screen was placed as far away as possible from the 
flow cell, l.86[m]. 

Screen 

Flow Cell 

Laser 

Yk_. 
x Polymer melt 

Figure 7.75: Experimental set-up for the measurement of beam deflections, depicted here for a re
fractive index gradient in y-direction. A light-beam in z-direction will have a Schlieren 
angle 8y and deflection fly on exiting the flow cell. The measured deflection at the screen 
flys. placed at l.86m, is related to 8y and fly in a simple way (Appendix E). 

Deflections in y-direction 

Figure 7.76 shows the beam deflections in y-direction, measured on the screen (~ys). Up
stream of the cylinder the deflection is minimal, but downstream large deflections are mea
sured. The deflection increases up to Ji ~ 1. 75, where a maximum is reached, after-which 
it decreases. At Ji = 8 still a noticeable, but small deflection is observed. Theoretically, 
gradients in y-direction should be equal to zero due to symmetry. However, the deflections 
are caused by temperature or stress gradients close to the centerline as a result of the the finite 
dimensions of the laser beam c0~ 0.2[mm]). 

Deflections in x-direction 

Deflections in x-direction are much smaller than in y-direction. Moreover, measurements 
along the centerline without flow (Figure 7.77) revealed larger deflections in x-direction than 
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Figure 7.76: Recorded deflection of a laser beam in y-direction (D.ys) along the centerline of the 
planar flow around a cylinder of an LDPE melt, De = 9.4, the recording screen is 
placed at l .86m from the flow cell. The dimensions of the laser beam spot is scaled 
down in x-direction by a factor of 20. 

with flow. The deflections without flow indicate that temperature gradients are present at 
rest. Near the cylinder the beam is deflected towards the cylinder surface, indicating heat 
loss through the metal cylinder and connecting glass windows. With flow (Figure 7.77), the 
deflections are practically zero. 
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Figure 7.77: Recorded deflection of laser beam inx-direction (D.xs) along the centerline of the planar 
flow around a cylinder of an LDPE melt, De = 9.4, with and without flow. The recording 
screen is placed at l.86[m] from the flow cell. 

Influence on birefringence measurements 

The results in the previous section can be used as a 'worst' case to estimate the influence of 
deflections on the measured fieldwise birefringence patterns. The deflection of the light rays 
in the flow cell will result in 'blurry' fringes, as the birefringence is the result of the integral 
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over the flow-cell depth. This effect is most pronounced in the 'wake' of the cylinder, where 
the fringes could not be counted all the way to the cylinder surface. As an estimation of 
the region were the birefringence results are unreliable, the results are used to calculate the 
deflection D,.Y, the focus-plane of the photo-camera in the birefringence measurements. The 
results are shown in Figure 7. 78. As can be seen the maximum deviation is approximately 
0.2[mm] near the cylinder and reduced to~ 0.03 at ~ = 8. 

E°.15 
§. 
>-

<l 0.1f. ............ ; ............ : ........... ; ............ : .......................... ;. ........... : .......... ~ 

x!R'[-] 5 

Figure 7.78: Approximation of the beam deflection at the front wall, along the centerline of the planar 
flow around a cylinder.of an LDPE melt, De= 9.4 

So far, we have not addressed the source of the beam deflections. Using Equations 7.4 and 
7.6 the stress and temperature gradients can be calculated that would cause these effects. 
The maximum at the front wall corresponds to a stress gradient of 1. 7 · 105 [Pa/mm], or a 
temperature gradient of -0.76[K/mm]. As shown in Figure 7.42, such high stress gradients 
are present in parts of the flow. However, in the area pictured in the latter figure (just upstream 
the cylinder) no beam deflections were measured. This suggests that deflections are induced 
by thermal effects rather than stresses. 
A typical temperature rise, stemming from viscous dissipation, around the cylinder can be 
estimated by (see e.g. Bird (20)): 

D,.T = 7Jo(2u)
2 

/'i, 
(7.7) 

where "' the thermal conductivity, and u the mean upstream velocity ( the factor 2 in the 
velocity term, arises from the ratio ~, since we are interested in temperature effects alongside 
the cylinder). Typical thermal parameters of LDPE melts are given in Table 7.9. At the 
highest flow rate (u = 7.55[mm/ s], 770 = 4625[Pas]), the temperature rise equals D,.T ~ 
5[°C]. 
The dimensionless Peclet number is used to estimate the importance of the convection with 
respect to conduction, it is defined by (see e.g. Bird (20)): 

Pe = pep * 2u * R 
/'i, 

(7.8) 



160 Chapter 7 

where p is the fluid density and cp the heat capacity. As common for nonisothermal flow 
problems of polymer materials, the Peclet number is high (Pe = 164) due to the low thermal 
conductivity (Table 7 .9). This implies, that a temperature rise stemming from viscous dis
sipation when the material is sheared along the cylinder surface, will be convected into the 
wake of the cylinder. This is shown by Peters and Baaijens (123), who simulated the non
isothermal viscoelastic flow of a polystyrene melt for the flow around a cylinder. They found 
the highest temperature rise on the centerline just downstream the cylinder. Moreover, the 
temperature rise was concentrated in a thin plane in the wake of the cylinder, implying high 
temperature gradients perpendicular to the flow direction. The results presented here are, at 
least, in qualitative agreement with their foundings. 

Conclusions 

I Material II p[kg/m2] I Cp[kJ/kg · k] I x:[W/m · k] I 
I LDPE II 920 I 2.6 I 0.22 I 

Table 7.9: Thermal material parameters of WPE. 

Beam deflections are present in the complex flows investigated, most likely stemming from 
local temperature gradients, caused by viscous dissipation and convection. They explain 
the poor isochromatic patterns, observed in parts of the complex flows (just downstream 
the cylinder, at the stagnation point of the cross-slot flow, and at the downstream lateral 
walls in the contraction flow). However, they do not explain the deviations found between 
experiments and simulations. Along the centerline of the flows, the gradients are only present 
perpendicular to the flow direction. Therefore, the longer relaxation, found in the downstream 
sections in the experiments of the cross-slot and flow around the cylinder, can not be attributed 
to beam deflections. Moreover, a local temperature rise will lower the viscoelastic properties 
of the fluid, and have an opposite effect than observed. The relative small elevation of the 
stress for the highest De-number in the flow around the cylinder, can possibly be attributed 
to a lower viscosity due to viscous heating. 

7 .10 Conclusions 

7.10.1 Experimental/numerical study 

In this chapter, three planar complex flows of a LDPE melt were investigated, by fieldwise 
measuring the velocity (PTV) and stress field (FIB). The results are first compared to nu
merical simulations with the Giesekus and PTTa constitutive models, performed with a 2D 
viscoelastic finite element code (DEVSS/DG). 
For the contraction flow, the PTTa-1 model (t:, ~ = 0.15, 0.08) gives better agreement for both 
velocity and stress data than the Giesekus model does, whereas for the cylinder and cross-slot 
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flow the Giesekus model performs better. The PTTa-2 model (e, ~ = 0.004, 0.08), which de
scribed viscometric and elongational data best, gave convergence problems. Therefore the e 
parameter was systematically lowered starting from the PTTa-1 value (e = 0.15). The stress 
field in the contraction was best described with e ~ 0.05-0.1, and the cross-slot and cylinder 
flow with e ~ 0.05, both not consistent with predictions in uniaxial elongation (e = 0.004). 
Furthermore, the stresses in the fully developed regions of the cylinder and cross-slot flow 
were over-predicted and for the cylinder flow spurious oscillations were observed. Moreover, 
the PTTa model predicts a velocity overshoot in the cylinder and cross-slot flow, downstream 
of the stagnation points, which is not observed experimentally. 
The largest deviation from experiments is found downstream of the stagnation points in both 
the cylinder and cross-slot flow: experimentally the stress shows a much slower relaxation 
than numerically predicted. It is not known if this effect was also present in the contraction 
flow, as it was not possible to visualize the entire downstream flow region. It is argued that 
possible experimental errors can not explain these observations and, for that reason, it is pos
tulated that these results indicate a different relaxation mechanism in elongational flow than 
in shear flow. 
As a pilot study, the concept of variable drag is tested in combination with the new class of 
models (Feta-VD), using streamline integration along streamlines close to the centerlines of 
the three flows. Also, a fixed viscosity model with the PTTa relaxation time function (Feta
PTTa) is evaluated. The latter model gives almost similar predictions as the original PTTa 
model, but the Feta-VD model can accurately describe the retarded stress relaxation in the 
cross-slot device. However, no unique parameter set was found that accurately captured the 
stresses in all flows. This can probably be ascribed to the chosen variable drag function, 
which also gives an irregular curve for the steady elongation viscosity. 

7 .10.2 Comparison of the complex flow geometries 

In Chapter 2, the possible advantages and drawbacks of the investigated geometries were 
given (Table 2.6). Some will be high-lighted again since our observations show interesting 
aspects: 

Strain rate and total strain 

First of all, it is important to know if the geometries can probe the nonlinear behavior of the 
polymer melt. When considering elongation rates along the centerlines, for a given upstream 
mean velocity (u ~ 4(mm/ s]), it shows up that the maximum rate is lowest in the cross-slot 
flow (€ = 2.5), intermediate for the cylinder flow (€ = 6), and highest for the contraction 
flow (€ = 8). Therefore the contraction flow seems favorable in this aspect. However, the 
total strain for this flow is close to unity, whereas the total strains in the other flows are 
much higher. For the cross-slot flow it is shown that steady state, in the nonlinear regime, 
is achieved in an area surrounding the stagnation point, while for the contraction flow the 
results differ hardly from linear viscoelastic behavior. Moreover, varying the parameter e 
in the PTTa model only slightly effects the predictions along the centerline, whereas the 
steady state prediction of the planar elongation viscosity changes by a factor ten when e is 
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lowered from 0.15 to 0.01 (see Section 7.5.2, Figure 7.23). The latter is indeed reflected in 
the cylinder and cross-slot flow. Genieser (55) also concluded that the centerline flow of a 
planar contraction geometry only excites linear viscoelastic response. 

Interaction shear/elongation 

For the cylinder flow it was expected that the strongly varying deformation history of a fluid 
element on a streamline close to the centerline, would be reflected in the results. However, 
numerically the effect is found to be marginal. This is (probably) caused by the long residence 
time of a fluid element near the rear stagnation point, so it will hardly remember the shear 
deformation around the cylinder. 
Along the centerline of the cross-slot device, the interaction between shear and elongation 
deformation is lost. This, however gives the possibility of measuring the steady elongation 
viscosity in the stagnation point. 
As was deduced in the discussion on the total strain, the centerline of the contraction flow, on 
which most studies are focussed, is not very interesting. However, other streamlines in this 
geometry, could be of interest for evaluating models in combined shear/elongational flows, 
for instance those starting close to the lateral walls. 

Comparison to literature 

The comparison of our results on contraction flows with literature is striking. The predicted 
shape and fringe order for the isochromatics show a good to excellent agreement with the 
experiments, while this has not been observed before. All earlier studies had a low aspect
ratio of the upstream channel (typical ~ 1), where the flow can not be considered 2-D and, 
therefore, are the experimental results not comparable to 2-D simulations. 



8 Conclusions and recommendations 

Within the scope of a combined numerical/experimental study, new constitutive equations to 
describe the viscoelastic behavior of polymer melts and solutions were proposed, which are 
more flexible in independently controlling the shear and elongational properties. Together 
with the widely used Giesekus and Phan-Thien Tanner model this new class of models was 
evaluated in complex flows of a polymer solution and a polymer melt. The materials were 
characterized, both in viscometric simple shear flow and, additionally, the LDPE melt in uni
axial elongation. The main part of this thesis concerned planar complex flows of the LDPE 
melt. Velocities were measured with particle tracking velocimetry and stresses with fieldwise 
flow induced birefringence. The results were compared with 2-D viscoelastic simulations. 
Also, a preliminary 3-D analysis was performed on a cross-slot flow of a 2.5% (w/w) poly
isobutylene/tetradecane (Pib/Cl4) solution. Velocities were measured pointwise with laser 
Doppler anemometry and integrated stresses using a spatially resolved flow induced birefrin
gence technique. In this case, simulations of the 3-D velocity and stress field were decoupled. 

8.1 Conclusions 

The new class of constitutive equations developed, has the advantage over other models that 
the steady shear viscosity is fixed (therefore they are indicated with Feta, which stands for 
fixed viscosity (TJ)). The concept of the Feta models is general, and can be combined with ex
isting relaxation time functions stemming from molecular theories, which mainly control the 
elongational behavior. Moreover, the Feta models offers the possibility to perform 1-mode 
viscoelastic simulations with a correct nonlinear shear behavior, reducing the computational 
efforts tremendously. 

Solution results 

The aim of the study on the flow of the polymer solution in the cross-slot was two-fold. First, 
it was a preliminary study on the quantitative evaluation of 3-dimensional flows. A spatially 
resolved flow induced birefringence technique was used to measure the (integrated) stresses 
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and laser Doppler anemometry for local velocities. The simulations were performed in a de
coupled way. The 3-D velocity field was calculated with the viscous Carreau-Yasuda model 
and stresses along streamlines with the viscoelastic models. The integrated stresses along the 
light-beam path were directly compared to measured intensity signals using the small retar
dation approximation. The approach was first successfully validated for two slit flows with 
different aspect ratios (8 and 2). 
Second, the cross-slot flow contains a high extensional component and high residence time 
and, therefore, offers the possibility of measuring the (planar) elongation behavior of the 
fluid. It was found that the Giesekus and PTTb models, which were fitted on steady shear 
data only, could not capture the high extensional behavior near the stagnation point of the 
fluid. The Feta-PTTb model was able to fit both the extensional shear behavior and shear 
viscosity, although the first normal stress in steady shear was slightly over-predicted. 

Melt results 

The LDPE melt was investigated in three different planar geometries: the contraction flow, 
the flow around a cylinder, and a cross-slot flow. Velocities were measured with particle 
tracking velocimetry and stresses with a fieldwise birefringence technique. It is found that 
the Giesekus and PTTa models only partly predict the flow accurately. The largest deviation 
is found for the stress relaxation behavior downstream of a region with a high elongation 
component. This holds for both the cross-slot flow and the flow around the cylinder. It is not 
known whether this effect was also present in the contraction flow, since it was not possible 
to visualize the entire downstream region. The difference can not be ascribed to experimental 
artifacts, but it is postulated that the relaxation time mechanism of the melt differs in elon
gation and shear. Also the Feta-PTTa model was unable to capture this retarded relaxation, 
but a model which incorporates the variable drag principle shows qualitatively better results. 
The cross-slot results could excellently be described, but no optimal parameter set was found 
to describe all geometries, with enough accuracy. Further, the optimal parameter sets found 
to describe the planar viscoelastic behavior were not consistent with the uniaxial elongation 
data. 

8.2 Recommendations 

The new class of constitutive equations (Feta) shows to be promising. However, they are still 
feasible for improvement: 

• Compared to experimental shear data, two important aspects are not present in the 
models. The second normal stress is zero in simple shear flows, and no overshoot 
is predicted in start-up flows. Therefore, it is worthwhile to try to capture the same 
concept in for instance the Giesekus model, which contains both features in a natural 
way. 
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• The Feta model which incorporates the concept of variable drag, shows an irregular 
prediction of the steady elongation viscosity. The choice for the relaxation time func
tion was rather arbitrary and it needs further investigation. Also applying more, or 
fewer, modes can give improvement. 

• The inconsistency between predictions for planar and uniaxial elongation behavior, 
can probably be ascribed to the alignment strength of the flows (see e.g. Larson (85)), 
which is not incorporated in the models investigated. A possibility to include alignment 
strength in the models can be done by making the nonlinear functions also dependent 
on the third invariant of the extra stress tensor, which equals zero in planar deforma
tions and is non-zero in other flows. This approach is similar to one used for instance 
by Wagner to obtain a different viscosity curve in shear and uniaxial elongation for 
integral models, and by others, to describe both shear-thinning and extension thicken
ing behavior with a generalized Newtonian model (see e.g. Macosko (97) (page 91), 
and Song and Xia (135)). However, in the latter models the invariants of the Finger or 
rate-of-deformation tensor, respectively, are used, rather than the stress tensor. 

The complex flows investigated in this thesis concern (combined) planar shear and elongation. 
For future research the following extensions are recommended: 

• As indicated in the previous paragraph, the material behavior in uniaxial and biaxial 
flows can be different from planar flows, and this will be a more severe test for the 
constitutive equations. With the theory set forward in Section 4.4, birefringence results 
can be interpreted quantitatively in 3-dimensional complex flows, both for low and 
high birefi;ingent materials, and the severe limitation to planar flows can and should 
be abandoned. In this, the study of Li and Burghardt (91) is of interest, since they 
studied complex flows dominated by either uniaxial or biaxial elongation in a simple 
device. However, it should be kept in mind that the integral optical properties are 
not uniquely coupled to the local properties. Using correlation techniques such as in 
medical optical techniques, e.g. MRI and CT-scans, might be a solution to this problem. 
Cathey and Fuller (29) successfully applied an inverse method for the interpretation of 
birefringence results of the axi-symmetric opposed nozzle flow. 

• Most studies performed on viscometric elongation experiments of melts, are focused 
on obtaining the start-up and steady state behavior. The investigation of the relaxation 
behavior after an imposed elongation strain in well defined flows, however, is very use
ful in testing and developing (molecular) constitutive concepts. Moreover, this stress 
relaxation is relevant when predicting properties of endproducts of polymer processes. 

• Although the De-numbers investigated in this study (1 < De < 16) are in the range of 
probing nonlinear viscoelastic effects, they are relatively low compared to processing 
conditions (typically De » 100). Expansion to complex flow behavior at higher De
numbers is demanded for more quantitative predictions of polymer processing behav
ior. Moreover, the differences between constitutive models will be more pronounced. 
(However, the choice of the complex flow geometry should not be based on the De
number only, but also on other aspects such as total elongation strain. This implies that 
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the four-to-one contraction flow is less appropiate for validation of constitutive equa
tions.) Additional phenomena will become important, such as viscous heating. Besides 
the required non-isothermal simulations, this also influences the optical measurements. 
Similar to the 3-D interpretation of the birefringence results, one can calculate numer
ically the deflected light-beam path and corresponding integrated optical properties, 
which can be compared to the experimental results. 

With respect to the numerical simulations: 

• The decoupled approach of velocity and stress field offers the possibility of quickly 
testing and fitting constitutive equations along representative streamlines. Baaijens 
(11), (12) found slightly different results from streamline integration and viscoelastic 
finite element calculations. Therefore results of the Feta models should be validated 
with fully viscoelastic simulations 1• 

• Effort should be put in the development of 3-D viscoelastic finite element codes, in 
order to investigate arbitrary complex flows 2

• When this appears to be too costly, 
the decoupled approach followed for the cross-slot of the polymer solution can be a 
valuable alternative if the kinematics of the flow field are known with enough accuracy. 
This method can accordingly also be used to investigate the influence of end-effects on 
birefringence measurements in transient and elongation regions of complex flows. 

1Recently, a 2-D fully viscoelastic simulation was performed with the Feta-PTfb model, for the mid-plane 
of the cross-slot flow of the polymer solution. The results only differ slightly from the streamline integration 
(145). 

2More recently, the DEVSS/DG numerical method (Section 7.3), is expanded to 3-D fully viscoelastic sim
ulations (22). 



A 3 Dimensional 
Newtonian slit profile 

The fully developed Newtonian velocity field in a slit with height h and depth d can be 
described with [149] : 

-~ 48(-l)P y cosh(~A) 
U(y, z) = U Lt A3 cos(-hA)[l - ( d ) ] 

P~ cooh~A 
(A.1) 

where Vis the mean velocity in x-direction in the plane of symmetry, and -h/2:::; y:::; h/2, 
-d/2 :::; z :::; d/2. The constant A is defined by A= (2p + l)7r. The corresponding velocity 
gradients are given by: 

au -~ 48(-l)CP+l) . y cosh(~A) 

ay (y, z) U Lt hA2 sm(-hA)[l - ( d ) ] 
p=O cosh ~A 

(A.2) 

au -~ 48(-l)CP+l) (y )[ sinh(*A)] 
az (y, z) = U Lt hA2 cos -hA ( A_A) 

p=O cosh 2h 

(A.3) 

The flow rate through the duct can be calculated with: 

-
00 

192h dA 
Q = Uhd[l - L ASd tanh( 

2
h )] 

p=O 

(A.4) 

The mean velocity in the symetry plane ( U) can be compared to the the average velocity 
over the area of the duct U duct = £, in order to estimate 3 dimensional effects on the flow 
field. This ratio equals the term in between brackets in equation A.4, and can be defined by 
the parameter ~: 

~ = _V = [1- f 19;h tanh(dA)] 
Uduct p=O A d 2h 

(A.5) 

The parameter depends on the depth to height ratio of the channel, as is shown in Table A.1. 
In the ideal 2 dimensional case the parameter ~ equals 1, the aspect ratio used in this study 
(8) gives a deviation of 9%. 



168 Appendix A 

d/h 1.0 2.0 4.0 8.0 16.0 00 

~ 1.44 1.33 1.18 1.09 1.04 1.0 

Table A.1: The parameter~ for different aspectratios of a rectangular channel. 



B Mathematical description of light 

B.1 Stokes parameters 

The state of polarization of a light beam can be described by the Stokes parameters. The pa
rameters form a set of four quantities denoted with S0 , S1, S2 and 83 • They can be formulated 
out of directly measurable quantities. The quantity S0 is simply the incident irradiance (in 
[W/m2

]), while S1, S2 and S3 specify the state of polarization: 

So= 2Io 

S1 = 211 - 2Io 

S2 = 212 - 2Io 

S3 = 2!3 - 2Io 

with 10 : the total irradiance 
Ii: the irradiance transmitted by a horizontal linear polarizer 
12 : the irradiance transmitted by a linear polarizer at 45° 
13 : the irradiance transmitted by a right circular polarizer 

(B.1) 

(B.2) 

(B.3) 

(B.4) 

For a monochromatic light wave which consists out of two orthogonal components Ex and 
Ey: 

Ex = Eox cos(kz - wt+ <>x); Ey = Eoy cos(kz - wt+ Oy) 

the Stokes parameters are: 

So= Egx +Egy 

S1 = Egx - Egy 

S2 = 2EoxEoy cos(8y - <>x) 

S3 = 2EoxEoy sin(8y - <>x) 

(B.5) 

(B.6) 

(B.7) 

(B.8) 

(B.9) 
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B.2 Mueller matrices 

The influence of an optical device on the polarization state of a light beam can be described 
by a 4 x 4 Mueller matrix M: 

(B.10) 

with §;_ and S0 are the Stokes vectors of the incident and outgoing lightbeam respectively. In 
this study only birefringent elements are used with retardation 8, and their Mueller matrices 
are given below. When an optical element is oriented at an angle x with respect to the fixed 
laboratory frame, the Mueller matrix is transformed by: 

R(-x). M(8). R(x) (B.11) 

with R the rotation matrix: 

R( ) = [~ cos~2x) sinf 2x) 

0

0
o

1

] 
X o - sin(2x) cos(2x) 

0 0 0 

(B.12) 

Birefringent medium: 

MB(8) = [~ r co~O) sin~O)l 
0 0 - sin( 8) cos( 8) 

(B.13) 

Quarter wave plate: 

M~= [~ ~ JJ (B.14) 

Half wave plate: 

M~ = [~ ~ ~l JJ (B.15) 

Linear polarizer: 

(B.16) 



Mathematical description of light 

Birefringent medium oriented at x: 

0 
s2xC2x(l - ca) 

2 + 2 s2x C2xCo 
-sac2x 

with s2x and c2x for sin(2x) and cos(2x) and s0 and c0 for sin(8) and cos(8). 

B.3 Differential propagation Mueller matrix 

171 

(B.17) 

In the limit of low retardation, the Mueller matrix of a birefringent optical element at orien
tation angle (X) reads: 

(B.18) 

Using Equation 4.12 gives the differential propagation Mueller matrix of a birefringent medium 
with varying optical properties (see Section 4.4.2): 

[

o o 
0 0 

mn = 0 0 

0 8 S2x 

(B.19) 
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C End-effects in isoclinic experiments 

The influence of end-effects in isochromatic experiments is discussed in Section 7.9 for a slit 
flow, using the theory set forward in Section 4.4.2. The same approach is used to investigate 
the influence in isoclinic experiments. This technique is used in some studies (e.g. [60], 
[105], [I I]), in order to decompose the isochromatic fringe pattern into the contribution of 
shear stress and first normal stress difference. The flow is placed in between two crossed 
polarizers, with the first polarizer oriented at angle a (Section 4.4.5). The intensity after the 
second polarizer reads: 

I= ; sin2 2(x - a) sin2 ~ (C.I) 

In the ideal 2-D case, the light is extinguished when the polarization direction of the incident 
beam corresponds to one of the principle directions of the refractive index tensor (besides the 
isochromatics). In that case, the polarization state of the light is not changed. To explain the 
influence of the end-effects, the 3-D slit flow can be concidered to consist out of three parts: 
a 2-D middle section and two sections on either side which represent the shear layers at the 
viewing windows (this so-called sandwich model is used by Galante [53]). The orientation 
angle varies within the shear layers (Figure 7.73). This gives a different polarization state of 
the lightbeam when the 2-D middle section of the flow is reached (this depolarization effect is 
also mentioned by Wales [I46] and Gortemaker [58]). Consequently, the light is extinguished 
at a different angle. 
To investigate this complex problem, the isoclinic experiment is numerically simulated for the 
slit flows of Section 7.9.I. The total Mueller matrix of the birefringent medium, including 
the 'parasitic' effects, is multiplied with the appropiate Mueller matrices for the polarizers 
in order to calculate the measurable intensity (Equation C. I). The orientation of the polar
izers is varied between a = 0 - 90°, and the angle is determined at which the intensity is 
extinguished. The results are shown in Figure C. I for the 8 to 1 slit with V = 2(mm/ s] 
and V = lO[mm/ s], and in Figure C.2 for slits with aspect-ratios of 20 and 1 with similar 
properties in the midplane (z/ D = 0) as the 8 to 1 channel (U = lO[mm/ s]). 
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Figure C.1: Extinction angle x for the lowest flow rate (on the left) and the highest flow rate (on the 
right). 
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Figure C.2: Extinction angle xfor slit with aspect-ratio 20 (on the left) and 1 (on the right). 

In all cases the extinction angle shows a discontinuous pattern. The deviations from the 2-D 
case can qualitatively be explained as follows: 

• At the center of the flow (y / H = 0), the retardation of the 2-D part is zero, and the 
(integral) optical properties of the shear layers are measured only. The measured ori
entation angle is close to zero as the largest contribution stems from the birefringence 
at the viewing windows (see Figure 7.73). 

• Close to an isochromatic fringe a similar effect is seen, since the retardation of the 
2-D part becomes zero. When the retardation of the 2-D section has similar sign as 
the retardation of the shear layers, the extinction angle tends towards zero. However, 
when they have opposite signs the extinction angle tends to the unrealistic value of 90° 
(this can easily be verified by multiplying 3 Mueller matrices representing the middle 
section and the outer layers, where the latter two have similar retardation but opposite 
orientation angle). In between two fringes, a gradual transition is seen between the 
two extremes and in the center the 3-D extinction angle crosses the 2-D curve. This 
'S'-shaped curve has been observed in experiments of Gortemaker [58] in a cone-plate 
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device. Also, in the numerical study of Galante on a slit flow, similar behavior is found 
for the extinction angle, except near the centerline, as he did not take the 'parasitic' 
birefringence into account. 

• The influence of the shear layers depends on: position, flow-rate and aspect-ratio. To
wards the lateral wall, the 'parasitic' birefringence becomes lower and the orientation 
angle is closer to the 2-D case, which results in a smaller deviation from the 2-D case. 
Lower flow-rate and higher aspect-ratio have similar effects, as the retardation in the 
shear layers are lower. For the aspectratio of 1, end-effects dominate and connection 
with the 2-D case is totally lost. The results of Han and Drexler [60], [61], who inves
tigated a geometry with a lower aspect-ratio, are therefore questionable. 

Finally, it can be argued that the isoclinic band spreading can not be ascribed to end-effects, 
as is (sometimes) postulated in the literature (e.g. [105]). Similar, as for isochromatics, the 
intensity is not extinguished at a single angle but in a region surrounding the angle. By 
comparing the computed isochromatic pattern to measurements it is estimated that a dark 
region (fringe) is observed when -.2 + k · 27r < 8 < .2 + k · 27r, which means ±10°, or 
alternatively a relative intensity 1;.ut = .02. With this definition of a fringe, for an orientation 
angle of 23° almost half of the ch~nnel is observed black as indicated in Figure C.3, both in 
the 2 and 3 dimensional case. This broad fringe is often is observed in literature. 
It can be concluded that isoclinic measurements are only usefull near the lateral walls and at 
midpoints between isochromatic fringes. However, the low intensity gradient makes this a 
difficult task. 
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Figure C.3: Calculated isochromatic and isoclinic pattern (a = 24°) intensities, the horizontal line 
indicates the estimated intensity level beneath which a fringe is observed. 

Conclusions 

The numerical study on the influence of end-effects on isoclinics experiments show a much 
larger influence than for isochromatic experiments (Section 7 .9 .1 ). At the center, in between 
two subsequent isochromatic fringes, the extinction angle is close to the 2 dimensional case. 
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Near an isochromatic fringe, the observation is dominated by the end-effects, as the retarda
tion of the 2 dimensional section becomes zero. The influence is largest near the midplane 
and decreases towards the lateral wall. It is shown that isoclinic measurements are not usefull 
without a 3 dimensional analysis. It does, however, not explain the observed isoclinic band 
spreading. This is numerically shown to be also present in the 2 dimensional case and an 
effect of low intensity and intensity gradients in the isoclinic experiment. 



D Maxwell modes 

The complex flow experiments of both the LDPE melt and polymer solution are performed 
at a different temperature than the reference temperature of the fitted viscometric measure
ments. Here, the shifted Maxwell modes are given for the experimental temperatures, using 
the Arrhenius function (Equation 5.3). 

D.1 LDPE melt 

Table D.1 lists the temperatures with the corresponding shift factors, together with the average 
relaxation time of the Maxwell modes given in Table D.2. The flow around the cylinder and 
the contraction flow experiments were performed at 170°C, the cross-slot flow at 150°C. 

190 1.00 1.00 0.94 
170 1.86 1.06 1.74 
150 3.66 1.12 3.43 
130 7.70 1.19 7.23 
120 11.50 1.24 10.80 

Table D.1: Shift factors ar and br determined at several temperatures using the Arrhenius fanction. 
·The corresponding Maxwell modes are given in Table D.2, from which the mean relaxation 
time X is determined. 

D.2 Pib/C14 solution 

The master curve of the polymer solution was created at a reference temperature of 25°C, 
whereas the experiments on the cross-slot flow were performed at 20°C. The shift factor 
following from an Arrhenius fit is ar = 1.14, the corresponding Maxwell modes in Table 
D.3, and the Carreau-Yasuda parameters in Table D.4. The mean relaxation time at T = 20°C 
is X = 0.098[s). 
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190 7.598. 104 2.097. 10-3 

1.664. 104 2.767 .10-2 

3.518. 103 2.711. 10-1 

3.174. 101 2.472 · 10° 
170 8.017. 104 3.895. 10-3 

1.756. 104 5.139 .10-2 

3.712·103 5.036. 10-1 

3.350. 101 4.595. 10° 
150 8.503. 104 7.671 .10-3 

1.862. 104 1.012. 10-1 

3.937. 103 9.916 .10-1 

3.552. 101 9.049. 10° 
130 9.071. 104 1.616. 10-i 

1.986. 104 2.089. 10-1 

4.200·103 2.089 · 10° 
3.790. 101 1.906. 101 

120 9.392. 104 2.412. 10-i 
2.057. 104 3.182. 10-1 

4.348. 103 3.119. 10° 
3.924. 101 2.846 · 101 

Table D.2: Discrete relaxation time spectra and moduli of the LDPE melt at several temperatures. 

IT [°C] II Gi[Pas] l .qs] 
25 3.3. 101 3.2. 10-3 

9.6. 10° 2.7. 10-2 

1.8. 10° 1.4. 10-1 

5.1. 10-2 4.9. 10-1 

20 3.3. 101 3.6 .10-;:s 
9.6. 10° 3.1. 10-2 

1.8. 10° 1.6. 10-1 

5.1. 10-2 5.6. 10-1 

Table D.3: Discrete relaxation time spectra and moduli of the 2.5% Pib/Cl4 solution at several tem
peratures. 

I T[°C] I TJo [Pas] I Acy [s] I n I a I 
25 0.63 0.10 0.527 2 
20 0.72 0.12 0.527 2 

Table D.4: Parameters of the Carreau-Yasuda model for the 2.5% Pib!C14 solution. 



E Temperature dependence of the 
refractive index of LD PE 

A simple experiment is performed to measure the temperature dependence of the refractive 
index Ct;,) of the LDPE melt1• If we consider a lightbeam though the flow-cell in z-direction, 
experiencing an index gradient in y-direction, than the following Schlieren angle, the angle 
between the direction of the lightbeam entering and leaving the flow cell can be defined: 

8 = {L ~ Bn dL 
Y } 0 n By 

(E.1) 

where n is the mean refractive index, ~; the refractive index gradient, and L the path length 
of the light beam through the flow channel. If the refractive index gradients stems from 
temperature gradients, the temperature dependence of the material can be written as 

Bn _ byn By 
BT-LBT 

(E.2) 

If now, the temperature gradient ~ is prescribed and constant in y-direction, the temperature 
dependence of the refractive index can be determined, by measuring the deflection angle by. 

E.1 Experimental set-up 

In Figure E.1 the experimental set-up is shown schematically. A 5m W HeNe laser generates 
a laserbeam, which is focussed by a collimating lens (f = 400mm) into the flow cell. A 
temperature gradient is applied across the height of the flow cell: the upper half of the flow 
cell is set at a constant temperature of 190°C, the lower half is varied in temperature. The re
sulting deflection of the light beam is recorded on a screen placed on the other side of the flow 
cell. The measured deflection is correlated to the deflection angle by some straightforward 
goniometric relationships (Section E.3). 

1This appendix is based on the master's thesis of Winter (155] 
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Screen 

Flow Cell 

Laser I Deflection 

Figure E.1: Experimental set-up for the determination of the index gradient 

E.2 Results 

As can be seen in Figure E.2 the deviation angle linearly depends on the temperature gradient. 
A least square fit gives the coefficient ~, and with Equation E.2 it follows that the index 
gradient is equal to -3.3 · 10-4 K-1• Hahn [59] found a value of -5 · 10-4 for molten 
polyethylene, other literature values for undiluted polymers are in the range of -5 · 10-4 < 
~ < to - 1 · 10-4 K-1 , [26],[118]. 

o experirrients 

-1east.refit 

-5 0 aT(OC) 5 10 15 

Figure E.2: Deviation angle as function of applied temperature difference 'o' = measurements, ' - ' = 
least square fit. 

E.3 Relation between deflection and deflection angle 

In Figure E.3, the optical path of the beam in the experiment is shown. The total deflection 
of the beam at the screen (b.ys) is split up into three parts, corresponding to the deflection 
in the polymer melt, the second window and the air, respectively. The transitions from air to 
glass, and from glass to melt, at the first window do not cause a refraction as the propagation 
direction of the beam is perpendicular to the surface of the window. 

b.ys = b.yl + b.y2 + b.y3 (E.3) 
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screen 

Figure E.3: Schematic diagram of optical path of laser beam; fh Bt and 8 are the angles of incidence, 
transmission (or refraction) and deviation. Ay = deflection, d = thickness of the glass 
windows, L = width of flow channel, x = horizontal distance from second glass window 
to the screen. 

These deflections are expresses as a function of the deflection angle Bi1 , as this angle is needed 
to determine the index gradient (see Equation E.2). 

In the polymer melt, the beam is bent towards the region of lower temperature. At the sec
ond melt/glass transition, the beam is deflected a distance tly1 from the original propagation 
direction, and is correlated to the deflection angle eil by 

tlyl = R(l - cos(Bi1)) 

Eliminating the radius of curvature, R = sintoi) in equation E.4 gives 

L 
tlyl = --:--(e )(1- cos(Oi1)) 

sm il 

(E.4) 

(E.5) 

Snell's law of refraction is used to derive the relationships for the melt/glass and glass/air 
transitions, at the second window. 

tly2 = dtan(OtI) = dtan(arcsin(nm sin0i1)) (E.6) 
ng 

with d, the thickness of the glass window, nm, the refractive index of the polymer melt, n9 , 

the refractive index of glass. For part three, a simular relationship is found 

tly3 = xtan(Ot2) = xtan(arcsin(nm sin0i1)) (E.7) 
na 
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where x is the distance from the window surface to the screen, and na is the refractive index 
of air. Substitution of equations E.5, E.6 and E.7 in E.3 gives 

l:!:..ys = . L(() ) (1 - cos(()i1)) + dtan(arcsin(nm sin()il)) + xtan(arcsin(nm sinBi1)) 
sm il n9 na 

Because ()i1 ~ 0, Equation E.8 can be approximated by 

or 

L nm nm) 
l:!:..ys = (- + d- + x- Bi1 

2 n9 na 

l:!:..ys 
(Jil = t5 = --------

1=. + d'!J:.m. + x'!J:.m. 
2 n9 na 

(E.8) 

(E.9) 

(E.10) 

For the experimental set-up, L = 40, d = 15 and x = 1860(mm), the refractive indices are 
taken nm= 1.43[59]), n9 = l.51[130] and na = 1.0(-). Using these numbers in Equation 
E.10, results in 

t5 = 37 · 10-2 l:!:..ys (E.11) 
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Figure F.1: Total isochromatic fringe patterns of the flow of the LDPE melt through the cross-slot 
device at T = l50°C. Top: De= 4.1, bottom: De= 6.0. 
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Summary 

Whereas demands on polymer products become more critical and product properties depen
dent on the entire thermo-mechanical history during processing, the processes, such as injec
tion moulding or film blowing, are not thoroughly understood. This is correlated to the com
plex nature of the processing operations, which are always non-isothermal, 3-dimensional 
and exhibit areas with combined shear and elongational flows. Moreover, the material shows 
pronounced nonlinear viscoelastic behavior at the high strains and high strain rates often oc
curing during processing. This thesis is a contribution to the modeling, characterizing and 
validation of this complex rheological material behavior. 

Understanding of the industrial processes involved can result in improving properties of end 
products, and can, on its tum, benefit from simulations based on (numerical) modeling. Be
sides the need of special numerical tools, the proper choice of a constitutive equation to 
accurately describe the rheological behavior is essential, since this largely influences the out
comes of the calculations. Although some models perform better than others, so far none 
of the many constitutive equations proposed, has been proven to be superior. Related to 
this problem is, in contrast to standard shear characterization, the limited number of avail
able experimental data in elongational flows. In this study data, (velocities and stresses) are 
measured in complex flows, in order to evaluate existing models, and differences between 
experiments and predictions are used to adjust models. The widely used Giesekus and Phan
Thien Tanner (PTT) models are evaluated, with parameters determined by using viscometric 
shear data and elongation data (where applicable). Also a new class of constitutive equations 
is introduced. Compared to existing models, a correct prediction of the shear viscosity is 
incorporated (based on the Cox-Merz rule), whereas it exhibits additional flexibility to adjust 
the predictions in elongational flows. Moreover, this so called Feta concept (from: fixed vis
cosity (77)), can be combined with concepts from existing models. 

The main part of this thesis concerned the flow of a LDPE (low density polyethylene) melt, in 
three planar complex geometries: the 4-to-1 contraction flow, the flow around a cylinder and 
a stagnation flow. Velocities were measured with particle tracking velocimetry and stresses 
with fieldwise flow induced birefringence. The results were compared to finite element sim
ulations with the Giesekus and PTTa (exponential form) model. It appears that the models 
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only capture part of the complex flows accurately. The largest deviation from experiments 
is found in regions with a high elongation component, in case of the flow around the cylin
der and the stagnation flow. A much slower stress relaxation is observed in the experiments, 
than predicted by the models. Error sources that can influence the birefringence experiments 
(end-effects and beam deflections) do not explain this discrepancy. It is postulated that the 
relaxation mechanism in elongational flows fundamentally differs from shear flows; a phe
nomenon that is not captured by the models. A Feta-model, combined with the 'variable drag' 
principle, is able to predict this retarded relaxation. 
The contraction flow, although the most intensively investigated flow, seems the least inter
esting. The total elongational strain along the centerline is low and, consequently, the flow 
hardly probes the models in their nonlinear regime, which makes the flow not discriminating. 
On the other hand, the stagnation flow, which has received only limited attention so far, offers 
the possibility of measuring the steady elongational viscosity, locally in the stagnation point. 

Finally, a pilot study has been performed for the quantitative evaluation of constitutive equa
tions in 3-dimensional complex flows. As an example, the stagnation flow of a shear-thinning 
polyisobutylene/tetradecane solution is investigated. Velocities were measured pointwise 
with laser Doppler anemometry and integrated stresses using a spatially resolved flow in
duced birefringence technique. In this case, the simulations were performed in a decoupled 
way. The 3-D velocity field was calculated with the viscous Carreau-Yasuda model and 
stresses along streamlines with the viscoelastic models. The integrated stresses along the 
light-beam path were directly compared to measured intensity signals using the small re
tardation approximation. The approach was first successfully validated for two slit flows. 
The predictions of the Giesekus and PTTb (linear form) models show good agreement at the 
inflow part of the stagnation flow, but severely under-predict the measured stress at the stag
nation point (factor 3). The more flexible Feta-model, combined with a PTTb relaxation time 
function, accurately captures the strain thickening behavior, although the stresses in simple 
shear flow are slightly over-predicted. 

The new class of models introduced, shows to be promising, and should be extended in the 
future. In particular, the incorporation of a second normal stress difference in shear flows, 
and stress-overshoot in start-up shear flow needs attention. 
Besides in planar flows, the constitutive equations should also be evaluated in uniaxial and 
biaxial flows. With the described possibilities for quantitative comparison of birefringence 
measurements in 3-dimensional geometries this, seems feasible. 



Samenvatting 

Terwijl eisen aan polymere producten continu toenemen en producteigenschappen van de 
volledige thermo-mechanische geschiedenis tijdens verwerken afhangen, worden polymeerver
werkings processen, zoals bijvoorbeeld spuitgieten of folieblazen, niet volledig beheerst noch 
begrepen. Dit is voomamelijk een gevolg van de complexiteit van de processen: ze zijn niet
isotherm, 3-dimensionaal van karakter en er treden gecombineerde afschuif- en rekstromin
gen op. Bovendien is, bij de veelal hoge deformatiesnelheden en grote rekken die optreden, 
het materiaalgedrag niet-lineair viscoelastisch. Dit onderzoek is een bijdrage aan het mod
elleren, karakteriseren en valideren van dit complexe reologische materiaalgedrag. 

Numerieke simulaties van de vormgevingsprocessen kunnen bijdragen tot het doorgronden 
van de processen en/of optimalisatie van de eigenschappen van eindproducten. Naast de 
vereiste speciale numerieke gereedschappen, is van belang dat het gebruikte constitutieve 
model het viscoelastische materiaalgedrag nauwkeurig beschrijft, aangezien de numerieke 
resultaten hier grotendeels van afhangen. Hoewel sommige van de modellen beter zijn dan 
andere, is tot op heden geen van de vele voorgestelde constitutieve modellen voldoende 
geschikt gebleken. Dit hangt onder andere samen met de beperkt beschikbare data van het 
materiaalgedrag in rekstroming; dit in tegenstelling tot data uit standaardkarakterisatie in af
schuiving. In dit onderzoek is gebruik gemaakt van resultaten (snelheden en spanningen) 
uit complexe stromingen om bestaande modellen te valideren en zijn de verschillen gebruikt 
om modellen aan te passen. Van bestaande modellen zijn de veel gebruikte Giesekus en 
Phan-Thien Tariner (PTT) modellen geevalueerd, waarvan de parameters bepaald zijn uit vis
cometrische afschuifstromingen en rekdata (waar mogelijk). Daamaast is een nieuwe klasse 
van modellen geYntroduceerd. Ten opzichte van bestaande modellen, heeft deze klasse het vo
ordeel dat (gebaseerd op de Cox-Merz regel) de afschuifviscositeit correct gelmplementeerd 
is, terwijl additionele vrijheid aanwezig is om het rekgedrag in te stellen. Daamaast kan 
dit zogehete Feta concept (van: fixed viscosity (TJ)) gecombineerd worden met concepten uit 
bestaande modellen. 

De nadruk van het onderzoek ligt op het stromingsgedrag van een LDPE (Lage Dichtheid 
Polyethyleen) in een drietal planaire complexe stromingen: de 4-op-1 contractie, de stro
ming rond een cylinder en een stagnatie-stroming. Het snelheidsveld is gemeten met een 
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particle tracking techniek en het spanningsveld met stromingsge"induceerde dubbele brek
ing. Resultaten zijn vergeleken met eindige elementen simulaties van de Giesekus and PTTa 
( exponentiele vorm) modellen. De modellen blijken de complexe stromingen slechts gedeel
telijk te kunnen beschrijven. De belangrijkste afwijking wordt gevonden in de gebieden met 
een hoge rekcomponent bij de stroming rond de cylinder en de stagnatiestroming. Experi
menteel werd een aanzienlijk langzamere spanningsrelaxatie waargenomen dan voorspeld op 
basis van de modellen. Foutbronnen die de dubbele-brekingsmetingen kunnen bei"nvloeden 
(eind- en temperatuureffecten) kunnen dit verschil niet verklaren. Verondersteld wordt dat het 
relaxatie-mechanisme in rek fundamenteel verschilt van dat in afschuiving; iets dat de mod
ellen niet beschrijven. Met een Feta-model gecombineerd met het 'variable drag' principe, 
kan deze uitgestelde spanningsrelaxatie in rek wel voorspeld worden. 
Verder is gebleken dat de contractiestroming, ofschoon het meest onderzocht, de minst inter
essante stroming is. De totale rek over de symmetrielijn is laag metals gevolg dat de modellen 
nauwelijks op hun niet-lineaire gedrag aangesproken worden. Hierdoor is de stroming vri
jwel niet discriminerend. Anderzijds biedt de tot nu toe vrij onderbelichte stagnatiestroming 
de mogelijkheid om, lokaal in het stagnatiepunt, de stationaire rekviscositeit te meten. 

Er is een eerste aanzet gegeven voor het kwantitatief evalueren van constitutieve modellen 
in 3-dimensionale complexe stromingen, met als voorbeeld de stagnatiestroming van een af
schuifverdunnende polyisobutyleen/tetradecaan oplossing. Snelheden zijn lokaal gemeten 
met een laser Doppler techniek en (puntsgewijs) gei"ntegreerde spanningen met stromings
gei"nduceerde dubbele-breking. De berekeningen zijn ontkoppeld uitgevoerd: het 3-dimensio
nale snelheidsveld is berekend met het visceuze Carreau-Yasuda model gebruikmakend van 
een eindige elementen methode, de spanningen zijn verkregen via stroomlijnintegratie van 
de viscoelastische modellen. Voor het vergelijken van de spanningen met de optische metin
gen is gebruik gemaakt van de small total retardation approximation. Deze benadering is 
eerst, succesvol, uitgetest op twee slitstromingen. De resultaten in de stagnatiestroming van 
de Giesekus en PTTb (lineaire vorm) modellen vertonen goede overeenkomst bij de instro
ming, maar de spanningen nabij het stagnatiepunt worden met een factor 3 onderschat. Het 
meer ftexibel Feta-model, gecombineerd met een PTTb-relaxatietijdfunctie, kan deze rekver
steviging nauwkeurig voorspellen, de spanning in afschuifstroming wordt echter lichtelijk 
overschat. 

De voorgestelde klasse van modellen lijkt veelbelovend en zou in de toekomst uitgebreid 
moeten worden. Met name het ontbreken van het tweede normaalspanningsverschil in af
schuifstromingen en de opslingering van de spanning bij transiente afschuifstroming verdi
enen nadere aandacht. 
Naast in planaire stromingen, dienen de constitutieve modellen ook geevalueerd te worden 
in uniaxiale en biaxiale rekstromingen. Met de aangegeven mogelijkheden voor een kwanti
tatieve vergelijking van dubbelbrekingsmetingen in 3-dimensionale geometrieen lijkt dit goed 
mogelijk. 
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Stellingen 
behorende bij het proefschrift 

Determination of Rheological Constitutive 
Equations using Complex Flows 

1. Verschillende definities van een karakteristieke relaxatietijd voor de experimentele en 
numerieke 'vloeistof' leiden steevast tot verkeerde conclusies. 

• Dit proefschrift, Hoofdstuk 2. 
• Boger, D.V., Crochet, M.J.,Keiller, R.A. On viscoelastic flows through 

abrupt contractions. Journal of Non-Newtonian Fluid Mechanics, 44:267-
279, 1992. 

2. Van planaire complexe stromingen is de contractiestroming het meest onderzocht maar 
het minst interessant voor het toetsen van constitutieve modellen. 

• Dit proefschrift, Hoofdstuk 7. 

• Genieser, L.H. Stress- and velocity field evolution in viscoelastic planar 
contraction flow. Ph.D. Thesis, Massachusetts Institute of Technology, 
Cambridge (USA), 1997. 

3. Het meten van isoclinen in een complexe stroming heeft weinig tot geen zin omdat, 
nog af gezien van dat ze slecht gedefinieerd zijn door de lage intensiteitsgradienten, de 
intensiteit gedomineerd wordt door eindeffecten. 

• Dit proefschrift, Appendix C. 

4. De gebruikelijke verwijzing naar Wales voor het experimentele bewijs dat de invloed 
van eindeffecten op dubbele-brekingsmetingen in de neutrale richting van een planair 
stromingskanaal verwaarloosbaar is voor een hoogte-diepte verhouding groter dan 10, 
is onjuist. 

• Wales, J.L.S. The Application of Flow Birefringence to Rheological Studies 
of Polymer melts. Ph.D. Thesis, Delft University of Technology, The 
Netherlands, 1976. 

5. Het kwantitatief meten van het relaxeren van de spanningen na een opgelegde rek in 
een goed gedefinieerde stroming heeft tot nu toe te weinig aandacht gekregen. 

6. Bij ontwikkelen van reologische constitutieve modellen moet meer gekeken worden 
naar macroscopische observaties. 



7. Het is inzichtelijker als de naam van reologische constitutieve modellen samenhangt 
met het achterliggende concept (bijvoorbeeld Feta= fixed viscosity (77)) in plaats van 
de namen van met de bedenkers (bijvoorbeeld het Kaye-Bernstein, Kearsley and 
Zapas model met Papanastasiou-Scriven-Macosko dempings functie). 

8. Een literatuuronderzoek dient een objectieve en vooral kritische beschouwing van de 
studies te zijn en geen klakkeloze opsomming van de daarin vermelde conclusies, 
zoals vaak wordt gedaan. 

9. Als het WK-voetbal op dezelfde manier georganiseerd is als de eenwording van 
Europa, zal de finale tussen Duitsland en Frankrijk zijn. 

10. Het aanschaffen van hetzelfde brilmontuur als je partner leidt, in de helft van de 
gevallen, tot slecht zicht. 

11. Paars is uit. 

• Tas, P. Film blowing: from polymer to product. Ph.D. Thesis, Eindhoven 
University of Technology, The Netherlands, 1994. 

Jeroen Schoonen 
Rosmalen, 5 Mei 1998 
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