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ABSTRACT

Polymer solutions in the semi-dilute regime are of considerable industrial importance. The complex rheological properties of such highly
viscoelastic fluids and the complexity of their flow characteristics, especially in curved geometries, necessitate a thorough experimental char-
acterization of the dynamics of such fluid flows. We apply statistical, spectral, and structural analyses to the experimentally obtained velocity
fields of a semi-dilute entangled polymer solution in a serpentine channel to fully characterize the corresponding flow. Our results show that
at high Weissenberg numbers, yet vanishing Reynolds numbers, the flow resistance is significantly increased, which indicates the emergence
of a purely elastic turbulent flow. Spatial flow observations and statistical analysis of temporal flow features show that this purely elastic tur-
bulent flow is non-homogeneous, non-Gaussian, and anisotropic at all scales. Moreover, spectral analysis indicates that compared to elastic
turbulence in the dilute regime, the range of present scales of the excited fluctuations is narrower. This is partly due to the entanglement of
the polymers in this concentration regime, which restricts their movement, and partly due to the mixed flow type inherent in the serpentine
geometry, which can reduce the extent of polymer stretching and, thus, reduce the intensity of the fluctuations in the flow. Furthermore,
proper orthogonal decomposition analysis is applied to directly extract the turbulent flow structure and reveals the activity of the counter-
rotating vortices associated with secondary flow, which significantly contribute to the total kinetic energy of the flow.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0100419

I. INTRODUCTION

Polymer solutions exhibit mechanical properties that are inter-
mediate between viscous liquids and elastic solids due to the elasticity
of the polymer molecules and their stretching and relaxation during
flow." Such viscoelastic fluids are ubiquitous in a broad range of indus-

purely elastic instability during polymer flooding.'’ However, in multi-
ple processes in the food and cosmetics industries'*'” as well as poly-
mer extrusion,” the occurrence of purely elastic instability is rather
undesirable. Therefore, the importance of this phenomenon necessi-
tates an understanding of the origin and characterization of purely

trial applications” * and biological settings.” * One of the unique fea-
tures of viscoelastic fluid flows, particularly in curved flow pathways, is
the appearance of an unstable state driven by nonlinear elastic stresses,
even in the absence of inertial forces.” This phenomenon, known as
purely elastic instability or purely elastic turbulence, was first discov-
ered by Giesekus in the Taylor-Couette flow of dilute polymer solu-
tions.'” The occurrence of purely elastic instability can be beneficial
for several industrial applications. For example, the agitation caused
by the unstable flow improves mixing capacity and heat transfer.'""'*
Improving the efficiency of capillary entrapment displacement in
porous media has also been proven to be related to the occurrence of

elastic turbulent flows.

The origin of the purely elastic instability is related to the
behavior of polymer molecules.'®'® In fact, the counter-reaction of
the elastic stress loading (deformation) and unloading (relaxation)
of the polymers is reflected in the flow, resembling the characteristics
of turbulent flow, such as non-parallel streamlines and chaotic fluctua-
tion of flow properties, accompanied by a significant increase in flow
resistance.'” The polymer behavior and, thus, the induced unstable
flow features strongly depend on the polymer properties such as
molecular weight, size, and concentration, as well as the flow type.”’ >’
In the dilute regime below the overlap concentration, the individual

Phys. Fluids 34, 073112 (2022); doi: 10.1063/5.0100419
© Author(s) 2022

34, 073112-1

#1:62:80 £20T 19qWLBAON G|


https://doi.org/10.1063/5.0100419
https://doi.org/10.1063/5.0100419
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0100419
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0100419&domain=pdf&date_stamp=2022-07-25
https://orcid.org/0000-0001-7909-7199
https://orcid.org/0000-0001-5886-9604
https://orcid.org/0000-0002-4180-0819
mailto:pegah.shakeri@physik.uni-saarland.de
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0100419
https://scitation.org/journal/phf

Physics of Fluids ARTICLE

polymer coils are far apart from each other and, hence, do not interact.
The behavior of such polymer solutions is governed solely by the
dynamics of a single polymer and its interaction with solvent mole-
cules." Although a considerable amount of research has been devoted
to the numerical and experimental study of the purely elastic turbu-
lence of dilute polymer solutions, " there are far fewer studies
focusing on the semi-dilute entangled polymer solutions, " **
despite their industrial importance. The polymer behavior above the
overlap concentration in the semi-dilute entangled regime is more
complicated, as polymers strongly interact with each other and even
become significantly entangled. Numerical modeling of such fluid
flows in a highly turbulent state is extremely challenging due to the
chaotic nature of the expected solution caused by the nonlinear rheo-
logical properties and the corresponding flow equations.”"’
Therefore, understanding and characterizing the purely elastic instabil-
ity in the semi-dilute concentration regime through experimental
research are not only valuable, but essential.

Despite the highly nonlinear and random nature of elastic turbu-
lent flows in general, they are known to be systematic and reproducible
on a statistical level." > A precise and reliable statistical representation
of elastic turbulence, however, requires an extensive description of tem-
poral and spatial fluctuations of flow properties. Improvements in par-
ticle image velocimetry (PIV), both in hardware and data processing
algorithms that allow high temporal and spatial resolution data acquisi-
tion, make this technique one of the most attractive and successful tools
in turbulent fluid flow dynamics.”*** The acquired time-resolved
velocity fields provide in-depth information on the turbulent flow,
which can be further processed using various statistical and numerical
methods to extract the stochastic turbulent features and structure. A
number of studies restricted to dilute polymer solutions have already
used the PIV technique to characterize the corresponding purely elastic
turbulence in various geometries with curved pathways.'*"**"*

Most statistical analyses of elastic turbulence are based on the
flow fluctuations at fixed points either in time or in space and rely on
the Taylor frozen turbulence hypothesis to relate the temporal and
spatial characteristics of elastic turbulence.'®*”*" The Taylor hypothe-
sis suggests that in homogeneous flows, turbulent fluctuations travel
downstream without changing their properties.”’ However, the global
validity of this hypothesis has been experimentally and numerically
questioned in the elastic turbulence of dilute polymer solutions.”””" To
avoid the Taylor hypothesis and directly extract the spatial features
and structure of turbulent flow, the proper orthogonal decomposition
(POD) method was developed in the field of fluid dynamics.”” POD is
a robust order reduction method for decomposing the fluctuations in a
flow field into a set of energy modes to represent them as a set of basis
functions. As a result, the highly complex problem can be reduced to a
simpler one by considering only the modes with the highest energy
that contributes the most to the turbulent flow. The application and
practical utility of POD analysis to direct numerical simulation (DNS)
results of elastic turbulence of dilute polymer solutions have been dem-
onstrated in the literature for both high””* and vanishing Reynolds
numbers, Re (ratio of inertial to viscous forces).”” However, the appli-
cation of POD in the analysis of experimentally acquired dynamics of
an elastic turbulent flow has not yet been reported.

In this work, we investigate the flow of a semi-dilute entangled
polymer solution in a microfluidic serpentine geometry using the
UPIV  technique with the aim of providing a comprehensive

scitation.org/journal/phf

characterization of the purely elastic turbulent flow observed at rela-
tively high Weissenberg numbers (ratio of elastic to viscous forces) yet
at vanishing Reynolds numbers. In our experiments, three different
stages of the flow are considered, namely, below, near, and safely above
the onset of purely elastic instability, to study the evolution of the
purely elastic turbulent flow. Furthermore, to evaluate the homogene-
ity and stream-wise dependence of the flow features at the highly tur-
bulent stage, we compare the velocity profile and spatial flow features
at five different positions in the serpentine channel. Common statisti-
cal analyses, including single-point statistics and two-point correlation,
are employed to characterize purely elastic turbulent flow features of
semi-dilute entangled polymer solutions in the serpentine channel.
Furthermore, we directly extract the structure of purely elastic turbu-
lent flow in the serpentine channel, for the first time to the best of our
knowledge, by applying the POD method to the instantaneous velocity
fields captured experimentally using yPIV.

The structure of this paper is as follows: We explain the proper
orthogonal decomposition method in Sec. IT and sample preparation
methods, rheological properties of the fluid, and the experimental
setup and procedure in Sec. III. The experimental results are presented
and discussed in Sec. IV and concluded in Sec. V.

Il. PROPER ORTHOGONAL DECOMPOSITION

Proper Orthogonal Decomposition (POD) also known as princi-
pal component analysis is a numerical order reduction technique that
decomposes a set of instantaneous velocity fields into a set of deter-
ministic basis functions or modes.”**"’ In the following, we briefly
present the basic concept of this method, which is necessary to com-
prehend this work. Further mathematical details and application of
this method in fluid dynamics of the turbulent flow can be found in
the literature.”**** ** In the case of an experimentally acquired flow
field with high spatial resolution, the POD method is applied using the
“snapshot method.”" As its name suggests, this method treats each
velocity field obtained from uPIV as a snapshot. In each snapshot, the
velocity vector is defined as u = (u,v) and each velocity component
(scalar) is both a function of position (x, y) and time. The proper
orthogonal decomposition can be applied to either component as well
as to the magnitude of the velocity |u| = v/u? + v?. The numerical
analysis begins with constructing a m x n matrix, U, from the velocity
components, e.g., #(x, y, t), where m = N; and n = Ny x N,, with N,
being the number of snapshots and N, N, being the number of spatial
vectors in x- and y-directions. In fact, each entry (u;) of the matrix U
is the measured velocity at a point j in space at time i,

un = u(x1,y1,h)
Uy = u(x1,)1,h)

Uiy = u(Xn,, Yn,, 1))

Uy = “(xNxa)’Nw t2)
U=

Uml = U(xl,)’lu tm) Umn = “(xNxa)’Nw tm)

A POD decomposition of the matrix U aims to find a set of orthogonal
vectors [®) (x, y), D@ (x, ), ..., ®N) (x, )] such that

Nr
U(x,y,t) = Ui (x,,6) + Y _a(t) - @ (x, ), (1)

n=2

where Uy (x,y,t) represents the time averaged velocity over all N,
snapshots. @ are the eigenvectors of the auto-covariance matrix
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C=1/(m—1)UTU, and a™ are their corresponding temporal coef-
ficients. These eigenvectors, known as proper orthogonal modes of the
velocity fluctuations, can be viewed as the axes of an n-dimensional
ellipsoid enclosing the entire data set (matrix U) in an n-dimensional
space.(’2 Moreover, since the coefficients a'” are uncorrelated, each
one can be interpreted as variations of one independent “mode” of
fluctuation. The energy contribution of each mode, [i = 1,...,N{] to
the total kinetic energy (TKE), is calculated as E; = 4;/ Zf’zl o>
where /; are the corresponding eigenvalues in the descending order.

lll. EXPERIMENTAL METHODS
A. Working fluid and its rheological properties

In this study, we used a viscoelastic aqueous solution containing
2000 ppm (0.2 w%) of partially hydrolyzed polyacrylamide (HPAM)
Flopaam 3630 (SNF Floerger) with a molecular weight of (18.7 = 2.0)
MDa. The polymer solution was diluted following a standard
protocol **” from a 5000 ppm stock solution in a “brine” solution
composed of ultrapure water with 1000 ppm NaCl and 100 ppm
CaCl,. Since HPAM polymers are widely used for enhanced oil recov-
ery, where salt is an essential component of the injected polymer solu-
tions, we have included the typical salt type and concentration
considered in the literature.””**** As shown in our previous study,”
the selected salt concentration is in the low salt range and does not
have a significant impact on screening the negative charges of the pol-
ymers’ backbone or causing transient cross-linking network. Using a
pycnometer, the density of the polymer solution was determined as
pp = (1.00 = 0.01) g/cm’. Because the polymer concentration used
in our microfluidic experiments was about 25 times larger than the
polymer’s overlap concentration of c¢;, ~ 82 ppm, we can safely
assume it to be in the semi-dilute entangled regime.”” The shear rate,
7, dependent viscosity, #(7), and the first normal stress difference,
Ni (%), of the polymer solution at (20£0.2)°C were measured by a
steady shear step test applying a standard protocol in the deformation
rate-controlled mode using a HAAKE MARS 40 rheometer and a

100 T T T T T

i
* viscosity #1000
100 2 Ny
z
8
1 B
ﬁ‘\\ 7 1100

(a)

viscosity, n (Pa s)

N, (Pa)
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60 mm cone plate geometry with an angle of 1°. The rheological data
are plotted in Fig. 1(a). The storage modulus, G/, and loss modulus,
G", determined from small amplitude frequency sweep tests in the
stress-controlled mode are plotted in Fig. 1(b). The crossover happens
at the frequency of o ~ (0.35 * 0.1) Hz; thus, the longest relaxation
time of the polymer solution is determined as A, = 1/w & (3%+1) s.
The experimental data are fitted to the multi-mode Maxwell model.””

B. Viscoelastic fluid model

To define the relevant dimensionless Weissenberg number and
to evaluate viscoelastic flow, we need to choose a constitutive fluid
model, which best represents the rheological properties of the fluid.
Among all models developed for describing semi-dilute polymer solu-
tions,”” the White-Metzner (WM) constitutive model could best repre-
sent the strong shear-thinning and non-quadratic first normal stress
difference of our polymer solution (Fig. 1). It should be noted that the
WM consecutive model assumes that the second normal stress differ-
ence, N, is zero and does not consider extensional viscosity. In poly-
mer melts and highly entangled polymer solutions, N, can be
significant and is typically exerted in the opposite direction of Ni; thus,
it can dampen elastic instability and suppress secondary flows in
curved ducts. However, since for polymer solutions in the semi-dilute
regime, as used in this work, the magnitude of N; is typically measured
to be in the range of 1% to a maximum of 10% of N;, we assume that
N, can be neglected.”” Moreover, the flow in a serpentine channel is
mainly shear dominated; thus, the effect of extensional viscosity can
also be safely excluded. Therefore, the choice of the WM fluid model in
our case is reasonable. The basic concept of the WM model is to define
a total stress tensor T = 71 + 7, and a total viscosity § = 1, + 1, that
are related to the deformation rate tensor D =1 (Vu + VuT). "%
The pure viscous component of the stress tensor 7, is defined as

T, = 21, D, where 1, is the solvent viscosity. 7, is defined by
T +’“("/) T, =2m(7)D, (2)
(b)
10 T T T T T
G'(0)

0.1

0.01

0.1

! shear rate, y ?/s OO?' | . p

0001 001 01 1 10 100 1000
shear rate, y (1/s)

01k
10
0.01k
= il
1 /7
0.001 £ /!

storage G'/ loss modulus G" (Pa)

0.001

- ~(035+0.1)

max

o (rad/s)

10 100

FIG. 1. (a) The (shear) viscosity #(}) (green diamonds) and first normal stress difference Ny (CJ) measured using a rotational rheometer. The solid and the dashed lines are

(olive green) fit to the Carreau-Yasuda model Eq. (4) and a power law (blue) Ni(}) =

(0.34 = 0.07)7(119099) " respectively. The inset shows the calculated Wi (purple
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squares) based on Eq. (5). The solid line (purple) is a power law fit, Wi(7) = (0.15 * 0.01)7®®'=0 (b) Elastic modulus G’ (blue squares) and loss modulus G” (FH) mea-
sured via small amplitude frequency sweep test. Solid and dashed lines are corresponding fits to the multi-mode Maxwell model with four elements.
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where 1?1 is the upper convected time derivative and A(7) is the shear
dependent relaxation time calculated as

A7) = Ni/2(n(3) — n.0)7?, 3)

where the shear rate is defined as 7 = /2 tr(D?). The shear depen-
dent total viscosity of the polymer solution #(}) is described by the
Carreau-Yasuda model,”®’
n—1

Noo) [1+ (AD)] 7 (4)
where 1, and 7, are the zero-shear viscosity and the viscosity at infi-
nite shear rates, A is a characteristic time, 7 is the power law exponent
associated with the degree of shear thinning, and a is a transition con-
trol factor. The Weissenberg number, Wi, which is defined as
Wi()) = A(9)7, is thus calculated as

Wi(7) = Ni/2(n(7) = n0)i- (5)

Since, in our study, the Reynolds number is always safely below one,
inertia forces are negligible, and the observed flow features are merely
related to elastic stresses. Therefore, the Weissenberg number Wi is
the relevant dimensionless number to be considered in this case. The
calculated values of Wi as a function of the shear rate are plotted in
the inset of Fig. 1.

N —ne = (1o —

C. Microfluidic geometry

The flow geometry used in all experiments was a microfluidic
serpentine channel consisting of 33 consecutive half-bends with a
total length of I ~ 26 mm, a width of w ~ 0.125 mm, a height of
h ~ 0.04 mm, and an inner bend radius of r; ~ 0.125 mm, see the
sketch in Fig. 2. The microscale geometry allows us to achieve high
Wi while keeping the Re low. It is worth mentioning that the choice
of the serpentine channel as flow geometry is twofold. On the one
hand, curved channels are significant for industrial and biological
viscoelastic fluid flows. On the other hand, despite its simplicity, the
flow type in the serpentine channel is complex and leads to intrigu-
ing phenomena in polymer dynamics and the structure of the flow.

Microfluidic setu
(a) L
Applied ! ‘
Pressure| l

Pressure pump

Epifluorescence
Inverted

Microscope

CW laser

DPSS DRIVER
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The positive master of the microfluidic device was fabricated
via standard photo lithographic protocols.”” A negative mold was
fabricated from that using Sylgard 184 (Dow Corning). In a second
molding step, the final microfluidic device was made using the stiff, oil
resistant, photo-reactive resin NOA 83H (Norland optical adhesives)
sealed with a microscopy glass slide and sandwiched with an addi-
tional coverslip to enhance the stability and avoid deformation of the
channel at higher pressures.

D. Experimental protocol and nPIV setup

The microfluidic channel described in Sec. III C was used as the
flow geometry in this work. The inlet of the microfluidic device was
connected to a microfluidic pressure pump (MFCS-EZ, Fluigent) that
enabled fluid injection at a controlled pressure. The outlet was con-
nected to a liquid reservoir at the same height as the microfluidic
device to avoid gravitational counterpressure. The microfluidic device
was placed on an epifluorescent inverted microscope (Axio observer
71, Zeiss) equipped with a 20x air objective (Plan-Apochromat,
Zeiss) with numerical aperture NA = 0.8. Fluorescent polystyrene
microspheres (Ae¢ = 542 nm /Aeme = 612 nm; FlouroMax, Thermo
Fisher) with a diameter of 1 um were added to the polymer solution.
The size of these particles was large enough to achieve an acceptable
signal-to-noise ratio but small enough to ensure that they followed the
flow with minimal delay without affecting it. The flow in the serpen-
tine channel was illuminated with a triggered Continuous Wave (CW)
laser (A = 532 nm, LaVision), and the light from the fluorescent par-
ticles was captured via a SCMOS camera (Imager pro HS, PCO) with a
resolution of ~ 3 pixel/um after passing through a cutoff filter to iso-
late the emission signal and reduce the background noise. A sketch of
the uPIV setup is shown in Fig. 2(a).

To ensure that the recorded images correspond to the steady state
flow and not to the transient regime, the recording was started at least
20 min after applying the pressure at the inlet. Double-frame images
were captured with small-time delay dt in the range of 0.1-0.8 ms,
depending on the flow velocity, to achieve a particle shift of no more
than five pixels between consecutive double-frames. The imaging

(b)

Flow direction

+AX

FIG. 2. (a) Sketch of the experimental setup including uPIV. (b) Sketch of the microfluidic geometry with dimensions of w ~ 0.125 mm, height of h ~ 0.04 mm, and an inner
bend radius of r; ~ 0.125 mm. The center corresponds to a point 13 mm downstream of the inlet and A x = 1 mm.
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frequency, based on each pair of double-frames, was set to 42 Hz for
all experiments, and a sequence of 2100 double-frames, equivalent to a
duration of 50's, ~17 times longer than the polymer’s longest relaxa-
tion time, was recorded at multiple locations in the channel, i.e., at dif-
ferent locations along the channel by focusing on the mid-height plane
of the channel [Fig. 2(b)]. The depth of correlation,”" dz, based on the
optical properties of the objective, laser wavelength, and particle size
used in our experiments, is computed as 0z ~ 5 um for our setup.
This corresponds to roughly 12% of the channel height. All experi-
ments were conducted at a room temperature of (20+1)°C.

To compute the velocity fields from the yPIV images using a
cross-correlation algorithm, the individual images of the double-frames
were first divided into square areas called “interrogation windows.” A
multi-pass processing approach with an initial interrogation window
size of (64 x 64) pixel, and 50% overlap to a final interrogation window
size of (24 x 24) pixel with 75% overlap was considered to improve the
accuracy of the fast Fourier transform (FFT) cross-correlation algo-
rithm.”* The experimental setup and the processing routine were tested
with a 50 w% aqueous glycerin solution. The difference between the
UPIV results of the test experiments and the corresponding computa-
tional fluid dynamic (CFD) simulation was less than 5%.

IV. RESULTS AND DISCUSSION

In the following, we present and discuss the experimental results.
First, we study the transition from laminar to elastic turbulent flow
and identify the onset of purely elastic instability. Then, we investigate
the spatial dependence of the velocity profile on the position in the

(a) (b)

0.15 0.25 0.35 0.45 0.55

Y [mm]

0.25

0.15 0.25 0.35 045 0.55
X [mm]
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laminar and turbulent stages of the flow. Thereafter, the purely elastic
turbulent flow is characterized at different probing positions using
single-point statistics in the time domain and two-point correlation
analyses. Finally, we extract the flow structure at the highest turbulent
stage of our system using the POD method.

A. Evolution of the purely elastic turbulent flow
and flow features

1. Onset of purely elastic instability

To study the flow evolution from the laminar to turbulent state,
the pressure applied at the inlet was stepwise increased, and instanta-
neous velocity fields were captured at the center of the serpentine
channel, approximately 13 mm downstream of the channel inlet
[Fig. 2(b)]. In all experiments, the microscope focus was set at the
mid-height of the channel. Examples of the time-averaged velocity
fields and their corresponding root-mean-square distribution at two
stages of the flow, corresponding to the lowest and the highest applied
inlet pressures, are shown in Fig. 3. At lower applied inlet pressure, the
velocity field is laterally symmetric [Fig. 3(a)] with negligible rms
values [Fig. 3(b)], indicating a laminar flow. However, the velocity field
corresponding to the highest applied inlet pressure is clearly asymmet-
ric [Fig. 3(c)], with a significant rms distribution [Fig. 3(d)].

The time averaged velocity as a function of the applied inlet pres-
sure, respectively, Weissenberg number, at a normalized vertical position
of ¢ = 0 at the center of the channel is plotted in Fig. 4(a). The shear
rate in the serpentine channel is approximated by 7 = 4(|u|)/r,"””
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0.000

0.15 0.25 0.35 0.45 0.55

0.012
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FIG. 3. (a) Time averaged velocity field at the mid-height of the channel at the central half-bend for an inlet pressure of 3.47 kPa (Wi = 5 < Wig), ¢ = (0.5w — y)/w is the
normalized vertical position across the channel width; (b) the corresponding time averaged root mean square values of the velocity field; (c) time averaged velocity fields at the
center of the serpentine channel for an inlet pressure of 56.39 kPa (Wi ~ 45 > Wi). Points (A), (A1), and (A,) along the central vertical line at ¢ = —0.3, ¢ = 0.0, and
& = +0.3, respectively, and points (B) and (C) at the lateral ends of the half-bend are probing positions. Point (A) represents the region with the highest average velocity, and
points (B) and (C) represent the regions with the highest rms value; and (d) the corresponding time averaged root mean square values of the velocity field.

Phys. Fluids 34, 073112 (2022); doi: 10.1063/5.0100419 34,073112-5

© Author(s) 2022


https://scitation.org/journal/phf

Physics of Fluids

(@ o 10 20 W30 a0 50
T | T T T
0.20F | = Average Velocity uPIV . 1
* Average Velocity CFD
2 015F : 1
£ ! ¢
— |
T L 1 4
/\!L 0.10 I Wi~ 15 3
5 I
v |
0.05+ : * T
I
0.00f s = o~ |b . = == " ]
|
1 L 1 1 1 1
0 10 20 30 40 50 60

Applied pressure (kPa)

center
(c) center - Ax ' ' '
0.0006 - center + Ax |
center - 2.Ax

center+ 2.Ax

—
(2]

<lul>(
.

0.0002 - /,

*

0.0000 . > L !
-0.50 -0.25 0.00 0.25 0.50

€

ARTICLE scitation.org/journal/phf

(b) 0 10 20 Wi 30 40 50
0.006 — : :
|
| n
I u
5 0.0041 : . . 1
E I
G »
A I Wi~
£ 0.0021 IW' 15 1
2 |
ul
0.000} = = ® | 1
|
L L L L L L

0 10 20 30 40 50 60
Applied pressure (kPa)

center
(d) i ' ' +  center - Ax
0.020 4 = center + Ax
center - 2Ax
+ center + 2Ax
0.016 it R
E0.0121 |
A “
3 [ fae,
V' 0.008 S L D
0.0044 . 1 -
0.000 : '

-0.50 -0.25 0.00 0.25 0.50

€

FIG. 4. (a) Time averaged velocity and (b) the corresponding root-mean-square values at ¢ = 0 at the center of the serpentine channel as the function of applied inlet pressure
(bottom axis) and corresponding Weissenberg number (Wi, top axis). (c) Time averaged velocity profiles for an inlet pressure of 3.47 kPa (Wi ~ 5 < Wic), and (d) for the inlet
pressure of 56.39 kPa (Wi ~ 45 > Wi) at five different positions with respect to the center ((Ax = 1 mm) of the serpentine channel.

with (Ju|) and r = \/(wh) /7 being the time-averaged velocity and the
equivalent radius, respectively. The corresponding Weissenberg num-
ber is then calculated based on Eq. (5) for the approximated in situ
shear rates.

Above a critical inlet pressure, corresponding to Wiy, ~ 15, as
shown in Fig. 4(a), the measured time averaged velocities determined
at the center of the channel fall significantly below numerical values.
The numerical values are predicted based on CFD simulations of an
imaginary shear thinning fluid with similar Carreau-Yasuda fitting
parameters but no elasticity component, using a generalized
Newtonian fluid model. Moreover, the experimental root-mean-
square (rms) values of the corresponding time-averaged velocities,
shown in Fig. 4(b), exhibit a dramatic increase above Wi = 15 as
well. These observations indicate an increased flow resistance and large
velocity fluctuations, which are characteristics of an unstable flow. To
ensure that inertia is negligible throughout the geometry and does not
contribute to this unstable flow, we estimate the relevant Reynolds
numbers. The used serpentine geometry with the rectangular cross
section requires the consideration of two Reynolds numbers. For chan-
nel flows, the Reynolds number is usually defined as Re. = ¢ (|ul) r/n,

where the equivalent radius, r, is employed as the characteristic length.
To account for centrifugal inertia in the curvilinear flow, the radius of
the curvature of the serpentine channel, r;, is used as the characteristic
length, and the corresponding Re number can be, thus, expressed as
Re; = ¢ (|u|) r;/n. The maximum Reynolds numbers in our experi-
ments are Re, =~ 0.05 and Re; ~ 0.16, respectively, and we can con-
clude that the contribution of inertia to the flow is negligible, and the
observed unstable flow is a purely elastic turbulent flow related solely
to the anisotropic elastic stresses associated with the highly viscoelastic
polymer solution.

2. Spatial features of purely elastic turbulent flow

After analyzing the global flow behavior for shear rates below
and above the critical shear rate, we additionally aim at the analyzing
dependence of the flow profile on the location in the channel, and the
spatial homogeneity of the flow. To this end, we repeated the uPIV
recordings at four additional positions [Fig. 2(b)], with =Ax, £2 A
being the distance from the center, (Ax = 1 mm, based on the peri-
odicity of our serpentine channel) at two different stages, ie., at
Wi < Wig,y and Wi > Wige. The velocity profiles across the channel
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width along a vertical centerline in each half-bend are plotted in
Figs. 4(c) and 4(d), for Wi ~ 5 < Wiy, and for Wi ~ 45 > Wi,
respectively. At Wi < Wi, the polymer flow in the serpentine chan-
nel is laminar, i.e., the flow lines follow the curvature of the channel.
The velocity profile at this stage is similar to that of a Newtonian fluid,
which means it is skewed toward the wall with the highest curvature,
ie, at = (0.5w—y)/w >0, where the shear rate is higher.
Furthermore, velocity profiles at different locations have an identical
shape, with negligible difference within the experimental error. In con-
trast, the velocity profiles corresponding to Wi > Wi, [Fig. 4(d)]
show reversed skewness and are rather shifted to the opposite wall, i.e.,
& < 0. This deviation from a laminar flow behavior clearly points
toward the presence of flow structures other than the primary stream-
wise flow. The structure of the flow will be discussed in Sec. IV C. The
shape of the velocity profiles is rather irregular and exhibits spatial
dependence, which means that the mean flow is not essentially invari-
ant and, thus, the flow is spatially non-homogeneous.

3. Flow topology and its impact on polymer behavior
and flow features

The explanation for the observed unstable, non-homogeneous
flow of a semi-dilute entangled polymer solution is multifaceted due to
the interdependence of fluid and flow properties. Therefore, we first
require a lucid insight into the origin of the observed unstable flow,
determined by the molecular behavior of the polymers, with respect to
the flow geometry. As discussed in the literature,'"'®”* the purely
elastic instability in polymer solutions is driven by the dynamics of the
polymers’ deformation, which, in turn, is highly dependent on the
flow type. In fact, Shaqfeh argues that the ratio between the vorticity
and rate of deformation, i.e., the flow type in the flow geometry is a
decisive factor for polymer behavior.”* A practical dimensionless num-
ber to define the flow type is the topology factor defined as
&= (|D| - ||)/(|D] + |€2|), where |D| is the magnitude of the
deformation rate tensor and || is the magnitude of the vorticity ten-
sor. Polymers exposed to different flow types deform intrinsically dif-
ferent. When subjected to low to moderate shear, the polymers remain
in their coiled configuration and align with the flow direction at high
shear rates. Extensional flow stretches the polymers, while rotational
flow tends to restore them to their coiled shape.”* The topology factor
distribution calculated from experimental values at Wi ~ 5 < Wi,
and Wi~ 45 > Wi, is shown in Fig. 5. Below the onset of purely
elastic instability, three distinguished regions of shear (green), exten-
sional (red), and rotational (blue) are visible, alternating orderly
between successive half-bends. The corresponding histogram of the
topology factor distribution indicates that the flow is mainly shear
dominated with defined extensional regions. This suggests that poly-
mers remain mainly in their coiled configuration, and thus, the flow is
predominantly laminar. For Wi > Wi, these well-defined regions
are no longer distinguishable, and the flow types are rather randomly
distributed. The corresponding probability distribution indicates that
the fraction of rotational (vortical) flow has increased. This random
distribution of flow types combined with their impact on polymer
behavior results in spatial non-homogeneity of the flow. Furthermore,
the significant contribution of randomly distributed rotational flow
type suggests that the purely elastic turbulent flow is anisotropic.
However, as Haward et al. noted, the topology factor can be dubious
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FIG. 5. Local distribution of the topology factor & along the serpentine channel & (top)
and their corresponding probability distribution (bottom) at Wi ~ 5 < Wi (a) and at
Wi =~ 45 > Wig; (b). The value ¢ = —1.0 (blue) indicates a pure rotational flow,
& = 0.0 (green) a pure shear flow, and & = 1.0 (red) a pure extensional flow. The
normalized principal strain rate (11/7) at Wi &~ 5 < Wi (c) and Wi = 45 > Wi
(d). The red color in the legend (41/7 = 1) indicates strong extension.

because it does not necessarily contain information about the strength
of the flow types, which is very important for the polymer behavior.”
To this aim, the extensional flow strength is quantified in terms of the
principal strain rate parameter A, which is the eigenvector of the defor-

mation rate tensor and is expressed as 2; = 1 \/ (D11 — Dy)* + 4D,

The normalized value of 4, /7 is plotted in Figs. 5(c) and 5(d). As can
be seen, even though distinct extensional regions are visible in the
topology-factor distribution [Fig. 5(a)], the strength of the extension is
quite weak [Fig. 5(c)] and even weaker at the higher Weissenberg
number [Fig. 5(d)]. Thus, the flow remains shear dominated across the
range of the considered Weissenberg number.

In the semi-dilute entangled regime, the complexity of the rheologi-
cal properties of the fluid plays an important role in the flow properties
as well. Shear thinning, for example, causes a non-parabolic velocity pro-
file and, thus, strong transversal variation of the shear rate in the chan-
nel. This leads to different velocities and relaxation times and to different
degrees of deformation and relaxation of the polymer at different points
in the channel. Moreover, the deformation exerted on the polymers at a
given shear rate is stored in them, due to their significant memory effect,
before they relax or deform at a different shear rate. This further affects
the spatial distribution of rheological properties.

As a result, the mixed and random distribution of the flow types
in a serpentine channel in combination with the highly complex rheo-
logical behavior of semi-dilute entangled polymer solutions leads to a
non-homogeneous and anisotropic purely elastic turbulent flow.
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B. Temporal features of purely elastic turbulent flow

To characterize the temporal features of the observed purely elas-
tic turbulent flow, we conduct point-wise analysis of the velocity fluc-
tuations. The velocity fluctuations, u'(x,y,t), are the Reynolds
decomposition of the velocity in the form of u'(x,y,t) = u(x,y,t)
—(u(x,y)), where u(x, y, t) is the instantaneous velocity and (u(x, y))
is the time averaged velocity at any point in the 2D domain. We
extract time series of velocity fluctuations at three locations along the
centerline of the channel, shown as the dashed line in Fig. 3(c),
namely, (A) near the outer wall with the largest radius of curvature
(e = —0.30), (A;) in the middle of the channel (¢ = 0.0), and (A;)
near the inner wall with the smallest radius of the curvature
(¢ = +0.30). It should be noted that these points are chosen at the ver-
tical centerline for convenience, since here the x and y directions corre-
spond to the azimuthal (streamwise) and radial (transversal)
directions, respectively.

1. Single-point statistics

The corresponding vertical and horizontal components of the
velocity fluctuations, u; and u/, as a function of time, are shown in
Figs. 6(a) and 6(b). The fluctuations in the streamwise direction, 1,
are significantly stronger than the fluctuations in the transversal direc-
tion, u;. This observation, which indicates that the temporal velocity
fluctuations are anisotropic, is further evident in the statistical
moments of the velocity fluctuations at these points, shown in Table I.
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The values of skewness, S, and Sy and kurtosis, K, and K,, at different
locations suggest that the velocity fluctuations are slightly non-
Gaussian. It is worth noting that the higher value of the kurtosis of the
streamwise velocity fluctuations near the walls indicates that the fluc-
tuations at these regions are intermittent, i.e., the velocity fluctuations
contain a random sequence of violent bursts also known as rare
events.”” The normalized (auto)-correlation function of total velocity
fluctuations at points (A), (A;) and (A;) computed as r;(7)
= (u(t + D)u(t))/(u; - u(t)), and i=}, is plotted in Fig. 6(c). The
corresponding characteristic time T = [;* r;;(7)dr is on the order of
the polymer’s longest relaxation time and depends on the position of
the probing point. This variation in characteristic time can be
explained in view of the shear dependency of the polymer relaxation
time in the semi-dilute entangled regime. Near the walls, where the
shear rate is highest, the characteristic timescale is smaller than at the
center where the shear rate is lower.

2. Two-point correlation

The total temporal velocity fluctuations at points (A), (B), and
(C) are extracted, and two-point correlation and spectral analysis are
applied to obtain further statistical information about the flow. Point
(A) represents the region with the highest average velocity, and points
(B) and (C) represent the regions with the highest rms value
[Fig. 3(c)]. The normalized velocity fluctuations at these points are
shown in Figs. 7(a)-7(c). The presence of random “bursts,” an
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FIG. 6. Temporal fluctuations of (a) streamwise velocity component, (b) transversal velocity component, and (c) autocorrelation function of total velocity fluctuations at points (A),

(A1), and (A) marked in Fig. 3(b). The colored rectangle indicates the confident band.

TABLE |. First to fourth moments of velocity fluctuations at Wi ~ 45 above the onset of purely elastic instability at three different points (A), (A1), and (A) located along the
central vertical line [Fig. 3(c)]. (), (u;,) first moment (mean), o, o, second moment (standard deviation), S,S,, third moment (skewness), and K;, K, fourth moment (kurtosis)

of, respectively, x and y components o¥ velocity fluctuations.

#1:62:80 £20T 19qWLBAON G|

Sampling location (1) (m/s) o, (m/s) S, K, (u}) (m/s) a, (m/s) S, K,
A 3.2040 x 107°  0.0052 —0.4822 0.8367 33270 x 1071° 74540 x 107*  —0.07308  0.43032
A, —4.780 x 1078 0.0049 02763  —0.2681 —1.534x 107 6.712 x 107* 0.1995 0.8450
A, —9.2708 x 1077 0.0027 0.8538 1.2531 73841 x 107" 41440 x 107*  —0.3780 0.4673

Phys. Fluids 34, 073112 (2022); doi: 10.1063/5.0100419
© Author(s) 2022

34,073112-8


https://scitation.org/journal/phf

Physics of Fluids

(@) s
1.0
0.5
0.0

05

1.0

15

u'/U

Time (s)
(b) 5
1,0
0,5
0,0
-0,5
-1,0
-1,5

u'/u

Time (s)

(c) 15 —cC
1,0
05
0,0

05

1,0

A5

uu

0 10 20 30 40 50
Time (s)

ARTICLE scitation.org/journal/phf

-
o

—B&C
——A&B

o o
o [e)
T T
>

S
(@)
L L

ﬁ}

Crosscorrelation, rij(r) =
o
~
T

o
o

“-60 -40 -20 0 20 40 60

(e) 1E-4 : : . .
1E-5 |
1E6 |

1E-7 |

PSD (a.u.)

1E-8 |

1E-9 ; . .
0.001 0.01 0.1 1 10
Frequency (Hz)

FIG. 7. Normalized total velocity fluctuations at (a) point (A), (b) point (B), and (c) point (C) marked in Fig. 3(b). U is the time averaged velocity at the corresponding point.
Examples of bursts (rare events) are marked in black. (d) Cross-correlation of normalized velocity fluctuations at points (A), (B), and (C). The colored rectangle indicates the
confident band. (e) Power spectral density of velocity fluctuations at points (A), (B), and (C).

indication of the intermittency of the purely elastic turbulent flow, is
clearly visible in the velocity fluctuations at all positions [marked in
black in Figs. 7(a)-7(c)]. The temporal fluctuations at points (B) and
(C) look very similar but differ significantly from point (A). This is
further evident in the cross-correlation between time series shown in
Fig. 7(d). The significant correlation between points (B) and (C) with a
peak at zero lag time implies that fluctuations at these points are highly
correlated and synchronized. This indicates the presence of a flow
structure, which will be explained in detail in the context of the POD
analysis in Sec. IV C.

3. Spectral features

The power spectral densities (PSD) of velocity fluctuations at
points (A), (B), and (C) are plotted in Fig. 7(e). A power decay, ~f -5,
with an exponent of f§ &~ 2 describes the power spectral density of the
velocity fluctuations in the range of 1 to 10 Hz. Similar exponents have
also been reported for the PSD of velocity fluctuations (8 ~ 2.3),"
stress fluctuations (ff ~ 2.0),”° and pressure fluctuations (f =~ 2.2)*
of semi-dilute entangled polymer solutions in curved geometries.
However, at lower frequencies, the exponent is smaller than f§ =~ 2.
The presence of two different exponents in the PSD curve of velocity
fluctuations has been also reported by various researchers, but no clear
reasoning for this observation has been provided so far.”**” We believe
that in our case, the reason for the lower exponent at lower frequencies

is the presence of a large turbulent structure that is associated with the
secondary flow. This is further supported by the fact that at point (B)
and (C), the power corresponding to the low frequencies is larger than
in point (A).

It should be noted that the observed exponent of f§ ~ 2 for semi-
dilute polymer solutions is smaller than the corresponding exponents
of f > 3 commonly reported for purely elastic turbulent flow of dilute
polymer solutions.”*** The value of = 3 is theoretically predicted
for dilute polymer solutions based on the assumption of homogeneous
flow, linear elasticity, and linear relaxation of the polymers, which do
not apply to the semi-dilute entangled regime.”**>*""” In fact, as dis-
cussed in Sec. I1I A, the rheological properties of polymer solutions in
the semi-dilute entangled regime are shear dependent and, thus, highly
nonlinear. Therefore, it is not unexpected that the exponent of the
power spectral density of the velocity fluctuations appears to be differ-
ent from the value for dilute polymer solutions. However, there is so
far no theoretical work on the spectral features of purely elastic turbu-
lent flow of semi-dilute entangled polymer solutions and the expected
exponents for this concentration regime.

As proposed by de Gennes’® in “Reptation Theory” and as exper-
imentally demonstrated by Perkins et al,” the motion of the entangled
polymers is strongly restricted by the neighboring polymers as if they
were confined in a tube. Therefore, due to the restricted deformation
and freedom of individual polymers, their corresponding back
reaction to the flow is also restricted. Furthermore, as shown in Fig. 5,
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the rotational component of the flow in the serpentine channel intensi-
fies at high Weissenberg numbers while the extensional component is
weakened. This can reduce the extent of polymer stretching and, thus,
dampen the corresponding velocity fluctuations.'

The damping and limiting of the flow fluctuations are reflected
in the smaller exponent of the power decay of the velocity fluctuations,
indicating that the range of excited scales in the flow is also limited.

C. Proper orthogonal decomposition of the purely
elastic turbulent flow

The cross correlation of velocity fluctuations at points (B) and
(C) in conjunction with the PSD analysis points toward an underlying
flow structure. In fact, an interesting feature of viscoelastic flow in
bend channels is the presence of a secondary flow due to hoop stress
caused by the gradient of the first normal stress difference.'”””*’
However, experimental studies have so far only been able to implicitly
indicate the presence of secondary flows based on the bent streamlines
in the mean flow direction.”” As we discussed extensively so far, the
turbulent flow of a semi-dilute entangled polymer solution in a serpen-
tine channel is non-homogeneous and anisotropic on any scale. This
rejects the assumption of Taylor’s hypothesis, and one cannot explain
spatial flow properties based on temporal statistics. Therefore, in this
section, we will directly extract the secondary turbulent structure using
the POD method. As discussed in Sec. 11, the aim of proper orthogonal
decomposition is to find a hierarchy of spatial modes, (D(”), that best
describes the original stochastic flow. The energy spectrum of spatial
eigenmodes, E;, calculated at three different Weissenberg numbers
above the onset of purely elastic instability is plotted in Fig. 8(a). The
first mode in all cases contains the highest energy content, which at
the highest stage of the turbulent flow at Wi~ 45 contains almost
50% of the total kinetic energy (TKE) of the system. The first mode, in
fact, represents the time averaged mean flow, and all the other modes
describe the deviations from the mean flow. The energy content of the
modes decays and is less than 1% of TKE for modes larger than 6. As
can be seen from the cumulative energy plot in Fig. 8(b), the energy
content of the lower modes is higher at higher Weissenberg numbers,
i.e., where the elastic stresses are more significant. In fact, at Wi ~ 45,

(a)

1000

100 £

10F

0.1

Energy (%)

0.01¢

0.001

1E-4 1 L 1 1 H
1 10 100 1000
Spatial eigenmode

ARTICLE scitation.org/journal/phf

the first 375 eigenmodes represent 90% of the TKE, while for
Wi = 17, the number of eigenmodes representing 90% of the TKE is
700. This indicates that at higher Weissenberg numbers, the lower
modes representing the larger scale structures gain more energy at the
expense of the higher modes, which correspond to the finer structures.
It can be concluded that, at higher Weissenberg numbers, only a few
early modes are sufficient to describe the existing dominant flow struc-
tures in the system. Moreover, an exponent of approximately (—11/9)
can be fitted to the energy decay spectrum in the range of 2-40, indi-
cated by a dashed line in Fig. 8(a). The exponent of (—11/9) has been
proposed by Knight and Sirovich based on dimensional arguments for
the Kolmogorov inertial range in non-homogeneous turbulent flows."’
Since, in our case, the exponent of f§ ~ 2 for the PSD curve of velocity
fluctuations is close to the Kolmogorov scale of (5/3), the exponent of
about (—11/9) is not unexpected.

In order to gain insight into the dominant flow structures, the
vector fields of spatial eigenmodes and their corresponding temporal
coefficients of the three initial highest energy modes at Wi ~ 45 are
illustrated in Fig. 9. It should be noted that although the 2D distribu-
tion of these modes resembles the shape of a velocity field, they do not
convey the same physical meaning because eigenmodes are, in fact,
dimensionless. Indeed, the instantaneous velocity field associated with
each mode is computed as U™ (x, y, t) = a) (t) - ®"(x, y). The spa-
tial eigenmodes of the first mode, i.e., the mean flow, clearly indicate a
strong spiral motion at the lateral sides of the half-bend [Fig. 9(a)].
This points toward the secondary flow governed by the serpentine
geometry due to the change in the curvature at the inflection points,
(B) and (C), affecting the streamwise mean flow.””* The temporal
coefficients associated with the first mode exhibit a sudden jump after
a certain time, ie., the number of snapshots. This sudden jump has
also been observed in numerical simulations for viscoelastic Oldroyd-
B fluids and is related to the onset of the temporal evolution of the
flow.”

The presence of counter-rotating vortices associated with hoop
stress, caused by the gradient of the first normal stress difference'*”**’
in the serpentine channel is further evident in the spatial eigenmodes 2
and 3, which contain 5% and 3% of the TKE, respectively, as can be
seen in Figs. 9(b) and 9(c).
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FIG. 8. (a) The energy spectrum of the spatial eigenmodes, the dashed line indicates a spectrum exponent of (—11/9), and (b) the cumulative energy of the spatial eigenmo-
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To clarify the correlation between modes 2 and 3, the time coeffi-
cients of these modes are plotted against each other in Fig. 10(a). As
evident in the rather compact circular scattering of the temporal coeffi-
cients in the phase portrait, the temporal coefficients are strongly
related, even though both seem to fluctuate rather randomly. The cross
correlation of these temporal coefficients in Fig. 10(b) verifies that
modes 2 and 3 are indeed anti-correlated. These observations confirm
that at high Weissenberg numbers, there is a strong secondary flow in
the form of counter-rotating vortices, which significantly contributes

to the total kinetic energy of the system. Therefore, we can conclude
that the strong increase in the flow resistance during the flow of the
polymer solution in the serpentine channel is indeed related to the
activity of the secondary flow caused by the geometry and the signifi-
cant first normal stress difference at high Weissenberg numbers.

V. CONCLUSION

In this work, we have performed pPIV experiments to extract
spatially and temporally high-resolution velocity fields of a semi-dilute
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entangled polymer solution flowing in a serpentine channel. The gen-
eral flow inspections and standard single-point statistical analysis
reveal the presence of a highly anisotropic non-homogeneous unstable
flow above a critical Weissenberg number. The power spectral density
plot decays with an exponent relatively smaller than the corresponding
value of a dilute polymer solution. This indicates a limited range of
excited scales in the purely elastic turbulent flow of a semi-dilute
entangled polymer solution compared to the dilute regime, which is
due to the limitation of polymer motion in space and entanglement
above the overlap concentration. In addition, the geometry-induced
mixed flow type and the strong rotation and weak extension of the
flow in the turbulent state further reduce the extent of polymer stretch-
ing and, thus, reduce the range of excited scales in the turbulent flow.
The two-point correlation indicates the strong cross correlation
between the fluctuations at the two lateral ends of a half-bend. This
implies the presence of a strong secondary flow structure. Due to the
absence of a global correlation between the velocity fluctuations, and
non-homogeneity of the flow and thus invalidity of the Taylor hypoth-
esis, we used the proper orthogonal decomposition method to gain
direct insight into the structural properties of the observed purely elas-
tic turbulent flow. The POD analysis, in fact, clearly shows a strong spi-
ral structure in the highest energy mode and counter-rotating vortices
in the two subsequent modes. This confirms the existence of a three-
dimensional secondary flow driven by the geometry and the hoop
stress, which originates from the gradient of the first normal stress dif-
ference in the transversal direction between the inner and outer walls.
With this first experimental characterization of the flow of a semi-
dilute polymer solution, we hope to stimulate a theoretical validation of
the experimentally observed features that will provide a deep insight
into the flow and purely elastic turbulence in this concentration regime.
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