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An experimental study was performed to investigate the effects of the extensional rheological
properties of polymer solutions on vortex deformation in turbulent flow and turbulent statistics. To
focus on the extensional properties, a self-standing two-dimensional (2D) turbulent flow was used
as an experimental setup, and the flow was observed through interference patterns and particle image
velocimetry (PIV). Vortex shedding and the resulting deformation in the 2D flow were categorized
into three types. The vortex flow regime was defined by the shedding frequency and relaxation time
of the polymer solution. Turbulent energy was suppressed by polymer additives; however, a
characteristic peak reappeared with increasing concentration. The results imply that the
characteristic turbulent energy peak is influenced by the relaxation process of the extended polymers
in the flow.

Keywords: Extensional rheological properties, Relaxation time, Two-dimensional

turbulent flow, Vortex shedding, Turbulent statistics

1. Introduction

The addition of a small amount of polymer to a Newtonian fluid reduces the
frictional drag of the flow and delays the transition to turbulent flow. To understand
the drag reduction phenomenon, many experimental and numerical studies have
been conducted in the past decades [ 1-6]. An important feature of this phenomenon
is the anisotropic effect, which is due to the polymer extension in the flow [7—10].
The extension of polymers, caused by the polymer coil-stretch transition, influences
the flow, that is, it modifies energy transportation in the flow. To describe the
subsequent onset of drag reduction to the coil-stretch transition, Min et al. [11]

adopted the elastic theory on the transport equations for kinetic and elastic energy.
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Kinetic energy is transported through the elastic energy created by the polymer
extension at the wall in a turbulent flow. Thus, the polymer extension estimated
from the Weissenberg number and the time criterion, such as the relaxation time, is
an important parameter that influences energy transportation. Min et al. [11]
suggested that the relaxation time of a polymer should be sufficiently long to
transport the elastic energy from the near-wall region to the buffer or log layer. The
influence of the polymer extension and relaxation time of fluids on the turbulent
drag reduction has also been demonstrated in other experimental studies [12—14].
An important consensus among researches in these previous studies has been that
drag reduction occurs as a consequence of the dynamic interaction between polymer
molecules and turbulence only when the polymer relaxation time becomes
comparable to the characteristic time-scale of the flow [12]. It became possible to
conduct quantitative experimental analysis, especially after the development of the
capillary break-up extensional rheometer (CaBER). Owolabi et al. [12] proposed
an equation to formulate the drag reduction efficiency in terms of polymer
extension based on the Weissenberg number, which is calculated using the
relaxation time measured by a CaBER.

Polymer extension and spatiotemporal non-uniform turbulent drag
reduction have become popular areas of research in recent numerical studies.
Turbulent flows are extensional, and the straining motion of the fluids, which is
caused by an extensional flow, overcomes the rotation of the fluids, thereby
stretching the polymers to their fully extended length. Xi and Graham, and the
following related works, revealed that a highly extended polymer induces the
intermittent dynamics of Newtonian and viscoelastic turbulence near the wall [15—
17]. A minimal flow unit at the wall is laminarized by extended polymers and
modified larger domains. Indeed, the instantaneous degree of polymer stretching
and drag reduction are temporally anti-correlated. The polymers stretch in active
turbulence and induce a subsequent hibernation period, that is, a weak turbulent
flow. During the hibernation period, the drag is low, and the polymers relax [18—
21].

Another approach to comprehend the turbulent flow dynamics influenced
by the rheological properties of the fluids is to study vortex shedding from a
cylinder in viscoelastic fluids. Cadot [22] suggested that anisotropic vortex

deformation at a cylinder in viscoelastic fluids appeared to be similar to what is
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observed in turbulence, and thus, could lead to a better comprehension of vortex
inhibition and drag reduction. Therefore, numerous experimental and numerical
studies on visualizing vortex shedding at a cylinder have been conducted [22-30].
Usui et al. first proposed that the Strouhal number of vortex shedding in a
viscoelastic solution was correlated to the Weissenberg number [24]. Cadot et al.
mentioned that the shear viscosity of a polymer solution only marginally influences
vortex shedding; conversely, the elastic properties of the solution influence the
vortex shedding frequency and the formation length [22]. Here, the formation
length is the distance required to form vortices from the cylinder surface. It has been
suggested that when the relaxation time related to the elasticity approaches the
diffusive time scale in the fluids, the stabilization mechanism of vortex shedding
occurs. Here, again, the time criterion is important for the formation and stability
of the vortices. Coelho and Pinho studied the effects of elasticity and shear thinning
on the Strouhal number of vortex shedding [27]. They suggested that the Strouhal
number decreases by elasticity and increases by shear thinning. In these studies, the
Reynolds numbers of the flows were relatively low, that is, approximately 50.

In recent studies on vortex shedding at a cylinder in viscoelastic fluids,
numerical studies have achieved higher Reynolds numbers, and it has been revealed
that viscoelastic fluids induce drag enhancement and drag reduction [31, 32]. These
two regimes, drag enhancement and drag reduction, are influenced by the
Weissenberg number and Reynolds number. The addition of polymers varied the
velocity fields, vortex shedding, and local elongation of the fluid elements [32],
which implies the extension of the polymers around the cylinder. Relatively
recently, drag enhancement and the extension of the polymers around the cylinder
have been experimentally investigated by visualizing fluorescently stained
deoxyribonucleic acid (DNA) [33]. Moreover, polymer elongation around a
cylinder was observed in a recent numerical study with molecular dynamics
simulation [34]. These results again confirmed that the extended polymer effects on
drag reduction are not linear.

To focus on the extensional stress and polymer extension in a flow, a two-
dimensional (2D) flow is useful [35, 36]. A self-standing flowing soap film is an
example of a 2D flow, where the flow surface is a free surface [37]. Thus, the
flowing soap film is relatively free from shear stress at the wall. When a comb of

equally spaced cylinders is inserted into the flow, vortices are generated at each



cylinder, and the vortices merge with each other to develop a turbulent flow
downstream. The extensional flow appears around each cylinder, and thus, the
vortices in the flow are influenced by the extensional rheological properties of the
fluids [38—40].

In our previous studies, we focused on the effects of the extensional
rheological properties of polymer solutions on the modification of turbulent flow in
a 2D flow [41]. In one of these studies, we investigated whether vortex shedding at
a comb is influenced by the relaxation time of the fluids, as measured by a CaBER.
Vortex shedding was categorized into three types, and the vortex deformation
altered the 2D turbulent flow. In this study, extensional rates at the comb are varied
by changing the spacing between the cylinders, and how that influences vortex
shedding of the polymer-doped 2D flow is tested. Here, the extensional rate is
represented by a mean value, as mentioned in Section 2.2, which induces the
succeeding changes in the 2D turbulent flow. The 2D turbulent flow statistics are
measured and analyzed by the particle image velocimetry (PIV) method. The
energy transfer in the 2D flow of the polymer solution is precisely analyzed by the
turbulent flow statistics, and we discuss the characteristic energy peak appearing

behind a cylinder in the polymer-doped 2D flow.

2. Experimental Procedures

2.1. Measurement of material and rheological properties

Sodium dodecylbenzenesulfonate (SDBS) was dissolved in ultrapure water
at a concentration of 2 wt%. Polyethyleneoxide (PEO, molecular weight: 3.5 x 10%)
was used as a drag-reducing flexible polymer, and the solution concentrations were
varied from 0.25 to 1.5 x 10 wt%. The overlap concentration of PEO was
approximately 1.2 x 1072 wt%.

The viscosity of the sample solutions was measured using a rheometer
(MCR301: Anton Paar) with a cone-plate device at shear rates from 1 to 1000 s
The relaxation time of the sample solutions under extensional stress was measured
using a CaBER (Thermo Scientific) [42—44]. The extensional property of the
sample solutions was evaluated by the relaxation time. The diameter of the end plate

of the CaBER was 6 mm, the initial distance between two end plates was set as 3



mm, and the final distance between the two plates was adjusted to 8 mm. The
diameter of the neck of the liquid column, D [mm], was plotted relative to time, ¢
[s]. The thinning process of the diameter in the elasto-capillary region was fit using
the fitting function, D = Aexp(-t / 34), to calculate each relaxation time under
extensional stress, A [s], of each sample solution. Here, 4 [m] is a constant that was

determined by the experiment.

2.2. Experimental apparatus used to create flowing soap films.

The experiments were performed using the apparatus displayed in Fig. 1. A
complete image of the flowing soap film as a 2D flow is presented in Fig. 1(a). The
details of the apparatus are provided elsewhere [41]. The flow rate, O [L/s],
measured by a flowmeter (KEYENCE, FD-SF1) was maintained constant at 25
mL/min. As the flow was gravity-driven, the velocity achieved a constant value of
approximately 300 mm behind the injection nozzle [37]. The streamwise mean
velocity, Um [m/s], obtained by the PIV, was approximately 1.5 m/s when the flow
rate was 25 mL/min. The mean thickness of the water layer, 2 [m], was
approximately 3.5 pum.

To create a 2D turbulent flow on the flowing soap films, a comb composed
of equally spaced cylinders was inserted perpendicular to the flow 130 mm
downstream from the beginning of the parallel section in the channel. The diameter
of the cylinder, d [m], was 3 mm. The Reynolds number as calculated by the Un,
solution viscosity, diameter of the cylinder, and solution density was approximately
4,600. The cross-sectional area of the water layer decreased at the comb, which
induced an increase in the local velocity around the comb. The increase in the local
velocity induced an extensional rate. The extensional rate occurred around a
cylinder with a certain distribution [33]. Here, the mean value of the extensional
rate, & [s'], was calculated by S(t) = Spexp(—ét) to represent the flow
condition, where So [m?] is the cross-sectional area of the water layer before
deformation, S(¢) [m?] is the cross-sectional area after deformation, and ¢ [s] is the
time required for the deformation from So to S(¢) [41]. The mean extensional rate
was varied by changing the flow rates and spacing between the centers of the
cylinders. In the present study, the flow rate and diameter of the cylinder were

constant. The spacing of the column was varied as 9, 12, and 15 mm; thus, the
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approximate & was calculated to be 220, 290, and 400 s' for the respective
spacings. This ¢ influences the rheological properties of the polymer solution.
We observed the flow at two positions using two methods. The first
observed area was labelled Test section 1; it was from immediately under the comb
to 50 mm downstream with a 45 mm width. The second observed area was labelled
Test section 2; it was from 150 mm downstream from the comb to 200 mm
downstream with a width of 45 mm (Fig. 1(c)). The precise method for observing

the flow is described in the following sections.

@) Flow meter (b) Flow direction
¢ ~1.5m/s
PIV
________ Sample solution . .9’ 12’, 15mm p
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Fig. 1 Schematic of experimental apparatus.

2.4. Visualization of flow by interference patterns and single image

analysis

Vortex shedding at the comb, and 2D turbulent flow that is a consequence
of the merged vortices downstream, were observed in Test sections 1 and 2 through
interference patterns of the film. The interference patterns contain information on
the thickness of the water layer in the 2D flow. The vortices observed through the
interference patterns in Test section 1 correspond to the vorticity of the flow [41,
45]. Here, we used a commercial white light (Toshiba, EFA25EN/22) to illuminate
the flow. Then, the interference images of the flow were recorded by a digital video
camera (Panasonic TM700) in the test sections. The shutter speed of the video
camera was set at 1/3,000 s. The time interval for a series of images was adjusted

to 1/60 s. Each recorded camera frame was converted into a file with an RGB value
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of 0-255 and a spatial resolution of 640 x 360 pixels, which corresponds to 42 x 23
mm?,

Because the thickness fluctuation is considered as a passive scalar in the 2D
flow, the interference patterns were used to calculate the power spectrum of the
passive scalar in the flow. Part of the image, 256 % 256 pixels, was clipped from a
still image recorded in Test section 2. The clipped image was analyzed by 2D fast
Fourier transform to obtain a power spectrum, </°(kx, k,)>, of the image. The power
spectrum, <(kx, ky)>, was calculated based on the green RGB pixel intensity, G,
with a Himming window where & m™! and &, m™' denote the spatial wavenumber in
the streamwise and normal directions in the interference image, respectively. The
green RGB pixel intensity, G, was selected to avoid variation in the order of
interference in the data acquisition area [38—41]. The power spectrum exhibits
scaling behavior as <P(kx, ky)> ~ ke and <P(kx, ky)> ~ k/ in the streamwise and
normal directions, respectively. The scaling index of the power spectrum is
influenced by the energy transfer in the 2D flow; « and g are informative for
evaluating the energy transfer in a 2D flow, which varies by polymer additive [38—
41].

2.5. Velocity fields measured using PIV and turbulent statistics

analysis

To obtain precise information of the vortices and 2D turbulent flow, the
velocity fields in Test section 1 were measured by PIV. The local flow fields
fluctuate around the grids and gradually approach a steady mean flow with an
increase in the distance from the comb. Therefore, only Test section 1 was measured
using PIV. Polystyrene particles with a diameter of 2.11 um were seeded at a
concentration of 1.12 x 1072 vol% as tracer particles for PIV measurements. To
visualize the tracer particle trajectories around the grid, a mercury lamp and two
halogen lamps as bright light sources were set behind the flowing soap films. A
high-speed video camera (Photoron, FASTCAM SA3) was set in front of the soap
film, as indicated in Fig. 1(c). The shutter speed of the video camera was 1/10,000
s, and the time interval between two frames was adjusted to 1/3,200 s. The frame

rates of the high-speed camera to obtain the velocity fields were 3200 fps.



Commercial software (LaVision, DaVis8) was employed to calculate the
velocity fields from a series of images (Fig. 9). Each frame had 512 x 480 pixels,
corresponding to 33.2 x 31.2 mm. The interrogation window size to calculate the
velocity fields was 8 x 8 pixels, and the overlap percentage of each window was
50%. Based on the local velocity, the turbulent energy, k [m%/s?], was calculated

using Eq. (1).

k=20 (1)

Here, u; [m/s] is the local velocity fluctuation, as indicated in, u; = U; — U;,
where U; [m/s] indicates the mean local velocities in the streamwise and normal
directions, and U; [m/s] indicates the local instantaneous velocities in the
streamwise and normal directions.

Eq. (2) displays the transport equation for £.
ok | — Ok
E-I—Uia—xi—P-FD—E, (2)

where P [m?/s’] is the production, D [m?%s’] is the diffusion, and & [m?/s’] is the
dissipation of the turbulent energy. dx; is the distance between the velocity grids
in the streamwise and normal directions. In Eq. (2), in the case of Newtonian fluids,

P, D, and ¢ are calculated by Egs. (3)—(5).

P = —ulu]a—xj (3)
Jd (1 ____ 1 ok
D = —a—x]<;u]p + Eululu] — VE> (4)
T
€= Vax, 0x; (5)

Here, v [m?/s] is the kinematic viscosity. However, in the present study, the first
term on the right-hand side of Eq. (4) was not included in the calculations. This is
because of the following three reasons: it is difficult to measure the accurate 2D
flow pressure fluctuation, p [Pa], by using the velocity vector obtained in the present

study because both sides of the 2D flow were exposed to atmospheric pressure, and



the water layer in the 2D flow was extremely thin. Therefore, it is reasonable to
consider the pressure fluctuation p in the flow to be negligible. The challenge to
obtain p would be our next step. Subsequently, the convection, C [m?/s®], of the

turbulent energy, and the budget were calculated using Egs. (6) and (7).

— ok
U= C (6)
Budget =P+ D —¢—-C (7

Here, Egs. (2) and (7) present the turbulent energy balance for Newtonian flow. For
polymer solutions, additional terms will be present owing to the polymer stress
tensor, as shown in Eq. (8) [21].

ok 7 0k
o T Vioy

—t Contribution of polymer stress tensor=P + D —¢ (8)

However, the extra term cannot be directly measured experimentally; therefore, we
adopt Egs. (2) and (7) for both polymer-free and polymer solutions.

To obtain the velocity fields without the incorrect vector, a median vector
was computed by the local median filter as a vector post-processing by using a
commercial software (LaVision, DaVis8). However, it was not possible to eliminate
all the incorrect vector from the velocity fields, especially at the edge of the
cylinder. Therefore, to eliminate the missing incorrect vector, the local velocities

U; at a grid that fit to one of the following two cases were determined: the local
absolute velocity, m , that is greater than 1.67Un; the relative velocity that is a
comparison between U; at the grid and the average velocity of four neighboring
grids, Ugrigs, that is, |Ul- - U4grids| is greater than 2Un. These threshold values,
such as 1.67 Un and 2 Un, were set based on an empirically led value. When U;
fits to one of these cases, U; is considered as an incorrect velocity and is replaced

Wlth U4grids-



3. Results and Discussion

3.1. Rheological properties of sample solutions

The zero shear viscosities, 770 [mPa-s], and relaxation times, A [ms], of the
sample solutions are listed in Table 1. Specifically, the 70 of the sample solutions
containing PEO was virtually identical to that of the polymer-free solution.
Whereas the A of the polymer-free solution was low, the A of the PEO solution
increased with its concentration. The relaxation time measured with a CaBER

represents the extensional rheological properties of the solutions.

Table 1. Rheological properties of sample solutions

Zero shear viscosity | Relaxation time

1o [mPa-s] A [ms]

Polymer free solution 1.08 0.345
0.25 1.09 4.16
0.50 1.10 7.01

PEO Concentration 0.75 1.13 9.78
[x10-3wt%] 1.0 1.12 12.8

1.25 1.12 15.8

1.5 1.16 18.9

3.2. Vortex shedding at comb influenced by polymers and extensional

rates

In the experiments, vortices were shed at the comb, which was observed in
Test section 1; these vortices were advected downstream to produce 2D turbulent
flow that was observed in Test section 2. Here, we compare the images of vortex
shedding in the polymer-doped flow at several mean extensional rates, &. The
extensional rate was varied by the spacing between the grids, as described in Section
2.2. Figs. 2—4 display vortex shedding from a cylinder of the comb in each solution
at each €. Here, we capture the wake flow at a single cylinder of the comb. The
black circles represent the cylinders of the comb. As can be observed in Fig. 2, for
the polymer-free solution, the vortices were produced immediately after the
cylinder (Fig. 2(a)). The vortices were gradually enhanced with the distance from
the cylinder and merged with other vortices downstream. The wake region behind

the cylinder expanded when the PEO concentrations were increased to 0.25 and 0.5
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x 107 wt%, (Figs. 2(b) and (c)). For these cases, the distance from the cylinder to
the position where the vortices were generated shifted downstream. Herein, we call
this distance the formation length. We defined these original and marginally
deformed vortices observed at concentrations less than 0.5 x 10> wt% as Vortex-
Typel. Subsequently, for the PEO 0.75 x 10 wt% and 1.0 x 1073 solutions, the
vortices diminished in Test section 1 (Figs. 2(d) and (e)), which we defined as
Vortex-Type2. However, the vortices appeared again under the cylinder when the
concentration of PEO exceeded 1.25 x 10> wt%; we defined these as Vortex-
Type3. The Vortex-Type3 observed in the relatively high PEO concentration
solution was significantly different from the original vortex, Vortex-Typel.

In Figs. 3 and 4, vortex shedding with the comb of the shorter spacing
column corresponds to a higher extensional rate. The concentration at which
Vortex-Type2 appeared was shifted to a lower concentration when & was greater.
As can be observed in Fig. 4(d), Vortex-Type2 was observed at a PEO
concentration of approximately 0.5 0.6 x 10~ wt%. In addition to the effects of &,
we found that the neighbouring vortices shed at the next cylinder enhanced the
Vortex-Type3. When virtually the same & was achieved in the two flows, that is,
the wider spacing with the higher velocity, and the shorter spacing with the lower
velocity, the results were not the same. The shorter spacing enhanced the Vortex-

Type3.

(a) (b) (©) () () ® (2)

Distance from comb [mm]

Fig. 2 Interference patterns of vortex shedding in PEO solution at /s = 15 mm and
¢ =220 s™! obtained in Test section 1. (a) Indicates flow of polymer-free solution;
(b)—(g) denote flow of PEO solution at concentrations of (b) 0.25, (c) 0.5, (d) 0.75,

(e) 1.0, (f) 1.25, and (g) 1.5x1073 wt%, respectively.
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Distance from comhb [mm]

10mm
Fig. 3 Interference patterns of vortex shedding in PEO solution at /s = 12 mm and
& =290 s obtained in Test section 1. (a) Indicates flow of polymer-free solution;
(b)—(g) denote flow of PEO solution at concentrations of (b) 0.25, (¢) 0.5, (d) 0.75,
(e) 1.0, (f) 1.25, and (g) 1.5 x 107> wt%, respectively.

(a) (b) (©) (d) (®

Distance from comb [mm]

Fig. 4 Interference patterns of vortex shedding in PEO solution at /s =9 mm and &
= 400 s! obtained at Test section 1. (a) Indicates flow of polymer-free solution;
(b)—(g) denote flow of PEO solution at concentrations of (b) 0.25, (c) 0.5, (d) 0.6
(€) 0.75, (f) 1.0, and (g) 1.25%10> wt%, respectively.
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3.3. Effects of Rheological properties on vortex shedding

A series of vortices similar to Vortex-Typel, 2, and 3 were suggested in a
previous numerical study [32]. In this study, the vortices shed at a single cylinder
were deformed and diminished by increasing the Weissenberg number; however,
again, another structure appeared at a higher Weissenberg number. Whereas the
effects of the rheological properties of the sample solution on vortex shedding and
vortex deformation have been discussed in numerous previous studies [26], the
variation occurred primarily in the one-way direction. That is, the shear thinning,
elasticity, and concentration of the fluids merely increased or decreased the vortex
shedding frequency, namely the Strouhal number. Conversely, in the present study,
the vortex shedding frequency was decreased, and then the frequency was increased
by increasing the polymer concentration of the solution, as suggested by Xiong et
al. [32]. To characterize the vortex shedding frequency, the Strouhal number, St [-],
of the vortices at each condition was calculated by St = fd/Uyortex, where f[1/s] is
the frequency of vortex shedding obtained by /= Uyortex/Lvortex. Here, Uyortex [M/s] is
the vortex velocity that is calculated from the distance travelled by the same vortices
divided by time, which is obtained by the sequence image clipped from the video.
The Uvortex was marginally smaller than Unm. Lvorex [m] 1s the distance between two
vortices that rotate in the same direction on the same side of the cylinder. As
indicated in Fig. 5, the St of the original vortices was approximately 0.2 to 0.25.
The St was virtually constant or only marginally increased in the Vortex-Typel
regime; the St marginally decreased in Vortex-Type2, and subsequently St again
increased in Vortex-Type3 regime. In the case of the Vortex-Type2 regime, the
vortices virtually disappeared in the region close to the comb. However, weak
vortices were observed further downstream in Test section 2. Therefore, it was
possible to calculate St of Vortex-Type2 based on the observation in Test section 2.
The St of Vortex-Type3 reached a higher value than the original vortices. In the
case of flow at 400 s, the St of Vortex-Type3 marginally decreased at high
concentrations. This behavior seemed to be because of the weakening of the
vortices again at that concentration. This tendency seemed to be affected by the

extensional rate.
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Fig. 5 Strouhal number of vortices at each PEO concentration and spacing, /.

To clarify the background mechanism of vortex shedding and deformation,
the effect of the rheological property of each solution on the flow was considered.
Here, a characteristic time scale of vortex shedding, 1/f, and that of the extensional
solution rheology were compared. The extensional solution rheology was
represented by the relaxation time, A [s], as measured under extensional stress with
a CaBER. The A of each solution and 1/f of each flow under different conditions
are displayed in Fig. 6. The A of the solution increased consistently with the PEO
concentration. The initial value of 1/f was influenced by /, and was varied by
increasing the PEO concentration, namely the relaxation time, A. The relationship
between 1/f'and A influenced vortex shedding and deformation. Vortex-Typel was
observed when 1/f'> A, Vortex-Type2 was observed when 1/f = A, and Vortex-
Type3 appeared when 1/f' < A. It appeared that the vortex flow regime was mainly
influenced by the relationship. Moreover, in the flow regime of Vortex-Type2, the
period of vortex shedding marginally increased with an increase in the relaxation

time, A, that is, a rock-on phenomenon. This occurred for all columns.
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Fig. 6 Relaxation time, A, and period of vortex shedding, //f, of each comb.

3.4. Laminarization of 2D turbulence with polymer additives

The mean extensional rate at the comb was varied, and the effects of this
action on vortex shedding of the polymer-doped 2D flow were verified. The
succeeding changes in the 2D turbulent flow were observed. Figure 7 displays the
2D flow at Test section 2, as visualized by the interference patterns. The
concentration selected in Fig. 7 is in the region of Vortex-Typel, Vortex-Type2,
and Vortex-Type3 at each comb. In the case of the polymer-free solution in the
Vortex-Typel regime, the vortices in the 2D turbulent flow became larger in the
downstream region, as indicated in Fig. 7(a), (d), and (g). In the case of the Vortex-
Type2 regime, the vortices virtually disappeared in Test section 1; however, the
vortices appeared downstream and merged with each other. Conversely, vortices in
the flow became longer and thinner in Test section 2, where we observed Vortex-
Type3 in Test section 1.

These images were quantified by calculating the power spectrum, </*(kx,
ky)>, in both the streamwise and normal directions. The power spectrum exhibits
scaling behavior in both directions as <P(ky)> ~ kx* and <I*(k,)> ~ k. Here, oz and
L denote the scaling indices in the streamwise and normal directions, respectively.
The scaling indices in each direction are indicated in Fig. 8. Both « and f indicate
—5/3 in the polymer-free solution. This value appears when the flow is dominated

by an inverse energy cascade, which is a feature of 2D turbulence [31, 32, 37, 40].
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Examples for obtaining the scaling indices with the power spectrum based on the
green RGB pixel intensity, G, are provided in our previous studies [40]. The scaling
index in the normal direction, f, approached a value of “—1" asymptotically with
increasing PEO concentration. The scaling index in the streamwise direction, «,
reached a value of approximately —1.2 with increasing PEO concentration. The

“w__ 1

scaling index appears when the inverse energy cascade ceases to exist, and the
flow is dominated by the enstrophy cascade. This suggests that the energy transfer
in the 2D turbulent flow was influenced by the PEO. Moreover, the effects of the
PEO were different in the streamwise and normal directions; that is, the variation
was greater in the normal direction. This implies anisotropic energy transfer due to
the polymers in 2D flows. We consider that the anisotropy is due to the anisotropic
characteristics of the extensional rheology of the polymer solution. Moreover, there
is a concentration where the scaling index jumped to a greater value. The
discontinuous change occurred at the concentration where Vortex-Type2 was
observed in Test section 2. Therefore, the transition concentration was reduced with

the comb of the shorter /, i.e., the higher &. This result appears reasonable because

the anisotropic effects of the extensional rheology are enhanced when & is greater.
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Fig. 7 Interference images of 2D turbulent flow produced with different combs, that
is, different extensional rates. Flow regimes in Test section 1 are Vortex-Typel in

(a), (d), and (g); Vortex-Type2 in (b), (e), and (h); and Vortex-Type3 in (c), (), and

().
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Fig. 8 Scaling index of power spectrum in (a) streamwise and (b) normal directions

with different combs, namely /s and €.

3.5. Velocity fields around comb

To clarify the energy transfer in 2D turbulent flow, the velocity fields close
to the comb were observed and analyzed with PIV measurements. Figure 9 displays
examples of instantaneous velocity vectors of the polymer-free solution and PEO
solution around the comb of /s = 12 mm. In the following turbulent statistical
analysis, all the data are obtained with the comb of /s = 12 mm. For the polymer-
free solution, the velocity fluctuated widely in the normal direction close to the
comb. Conversely, for the PEO solution, the local velocity fluctuation was
diminished in the wake region. The velocity fluctuation in the normal direction
gradually diminished with the distance from the grid. The vortices shed at the comb
were merged and advected downstream; thus, the local velocity fluctuation
approached a uniform mean velocity at the downstream.

Figure 10 displays the local velocity development in the streamwise
direction with the distance from the grid. The horizontal axis denotes the
normalized position in the normal direction. The position in the normal direction is
normalized with the pitch of the cylinders. Thus, “0” in the horizontal axis in Fig.
10 corresponds to the center of the focussed cylinder. “1” in the axis corresponds
to the center of the neighboring cylinder. The vertical axis in Fig. 10 indicates the
mean local velocity in the streamwise direction, U,. The positive direction in the

axis is downwards, which corresponds to the flow direction. U, indicates a small

value behind the cylinder. For the polymer-free solution, the U, developed
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Fig. 9 Velocity fields of 2D turbulent flow of comb with /s =12 mm and & =290

s!. (a) Polymer-free solution and (b) PEO 1.5 x 1073 wt% solution. The three arrows
in (a) indicate the downstream positions in the normal direction where &, P, D, ¢,
and C, and the budget were calculated. The results are displayed in Figs. 11 and 12.
Each position is called position (i), (ii), or (iii), which corresponds to the center of

the cylinder, edge of the cylinder, or middle of the two cylinders, respectively.
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Fig. 10 Local mean velocity U, development in streamwise direction at each
downstream position. (a) Polymer-free solution, (b) PEO 0.5 x 107> wt%, (c) PEO
0.75 x 107® wt%, and (d) PEO 1.5 x 10> wt% solution.
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quickly; thus, the difference in the velocity profiles of I mm to 25 mm downstream
from the grind is small. The velocity difference in the normal direction was also
relatively small. Conversely, for the PEO 0.5 x 10~ wt% solution, the difference in
the velocity profiles at each downstream and normal position is considerable.
Moreover, PEO caused a negative velocity in the wake region within the formation
length. The velocity field developed downstream, and the local velocity attained the

mean velocity at a certain position from the grid.

3.6. Turbulent flow statistics

Based on the local velocity information obtained by PIV, the turbulent
statistics of the 2D flow were calculated. Figure 11 displays the turbulent energy,
k, development in the streamwise direction calculated by Eq. (1) with distance from
the comb. In the figure, k& is normalized by the streamwise mean velocity, Un. The
spacing of the comb is /s = 12 mm, the position in the normal direction is located
immediately behind the cylinder, at the edge of the cylinder, and in the middle of
the two cylinders, as indicated in Fig. 9(a) as positions (i), (i1), and (iii). In the case
of position (i), £ was depressed immediately by adding PEO compared to the
polymer-free solution. However, the reduction of k£ was not a one-way variation
with the concentration of PEO. &k was suppressed until the concentration of 0.5 x
1073 wt%, and the value became extremely small at a concentration of 0.75 x 1073
wt%. Subsequently, a characteristic peak again appeared at 1.0 x 10~ wt%. For the
PEO 0.5 x 107 wt% solution, the wake region expanded behind the cylinder;
therefore, the distance from the comb to the position where £ indicates the
maximum value, /lkpeak [m], became longer and the position was shifted
downstream. For the 0.75 x 10 wt% solution, the vortices were virtually
diminished close to the comb; therefore, the peak of k was extremely small and
moved downstream. For the 1.0 x 107> wt% and 1.5 x 107> wt% solutions, the /.
peak became longer by increasing the concentration. In the case of position (ii), the
tendency was similar to position (i), however the /.peak Was marginally shifted to
the upper stream. Position “0” in the downstream direction in the streamwise
direction starts at the lower edge of the cylinder. However, the flow separates from

the edge of the cylinder, which is marginally in the upper position to “0”. Thus, the
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lx-peak Was marginally shifted to the upper position. In the case of position (iii), &

was not observed.

(a) Position (i) (b) Position (ii)
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- —v— PEO 0.50x10°wt%
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g
= 0.1

0 5 10 15 20 25
Position in streamwise direction, x [mm]

Fig. 11 Normalized k£ in each turbulent flow of each sample solution in the
streamwise direction. (a) to (c) indicate normalized k at positions (i) to (iii),

respectively.

To consider the origin of &, the values of P, D, and ¢ as described in Egs. (3)
to (5) of each solution were calculated. Figure 12 displays P, D, ¢, and the budget
of each sample solution in the streamwise direction at position (i). These values
were normalized by the Un and diameter of the cylinder. In the case of the polymer-
free solution, the distance from the cylinder where the peak appeared in £, lk-peak,
and that in P were virtually the same. Thus, the £ of the polymer-free solution
originated from P in the turbulent flow. For the polymer solutions, as can be
observed in Fig. 12, P, D, and g of the PEO 0.5, 0.75, and 1.5 x 10~ wt% solutions
were negligible compared with that of the polymer-free solution. Whereas these
values are virtually zero, a peak appears in the value of k&. The peak observed in k&
is not explained by the turbulent energy transfer of Newtonian fluids. This implies
that the peak value of k observed in the PEO solution originates from the polymer

stress tensor, as described in Eq. (8). We assume that the value of k£ observed in the
20



polymer solution is related to instabilities caused by coil-stretch behavior and
polymer elasticity; the origin of the value of £ may be different from that of the
Newtonian flow.

To confirm the accuracy of the measurements and calculations in the present
study, the budget described in Eq. (7) is displayed in Fig. 12. In the case of the
polymer-free solution, the budget was not close to zero in the wake region. This is
a consequence of the three-dimensional disturbance of the flow. Here, the local
velocities, U;, in the streamwise and normal directions were measured and
calculated by PIV. However, at the position immediately below the cylinder, the
flow fluctuates in the spanwise direction. This fluctuation induces the budget.
However, the budget converges to virtually zero 10 mm from the grid. In the case

of the PEO solution, the difference was again negligible.
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Fig. 12 Normalized P, D ¢, and the budget of (a) polymer-free solution, (b) PEO
0.5 x 107> wt%, (c) PEO 0.75 x 107 wt%, and (d) PEO 1.5 x 10~ wt% solution at

position (i).

Here, we focus on the /kpeak that was shifted downstream with increasing
PEO Concentration. Hence, the lk-peak was lelded by Uvortex, i.e., lk-peak/Uvortex. The

time scale obtained by the /x-peak/ Uvortex Was plotted against the concentration of each
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solution. Subsequently, the lkpeak/Uvortex Was compared to the relaxation time, as
indicated in Fig. 13. There appeared to be a relationship between the values of the
Ik-peak/ Uvorex of the 0.5, 1.0, and 1.5 x 10~ wt% solutions and the relaxation time of
each solution. However, in the case of the 0.75 x 107> wt% solution, the /-peak/ Uvortex
characteristics are different from those of the others. In the case of the 0.5, 1.0, and
1.5 x1073 wt% solutions, the results imply that the polymers were extended at the
cylinder and relaxed in the wake region; therefore, the first vortices appeared at a
certain length, i.e., formation length. We assume that the mechanism is similar to
the hibernation period proposed by Xi and Graham [15, 16]. As briefly described
in the Introduction, Xi and Graham revealed that a highly extended polymer in
turbulent flow induces the intermittent dynamics of viscoelastic turbulence [15, 16].
The degree of polymer stretching and drag reduction are temporally anti-correlated.
The relationship between the degree of polymer extension in turbulent flow and
turbulent flow structures has been extensively studied by Zhu et al. [20, 21]. The
polymers stretch in active turbulence and induce the following weak turbulent flow.
In the present study, polymers stretched at the cylinder, thereby expanding the wake
region. Subsequently, polymers relaxed in the wake region, and then, the first
vortex appeared after the formation length. As observed in the experiments, it was
assumed that the macroscopic vortices were influenced by the extended polymers
and their relaxation time in the microscale. Therefore, £ increased without P in the
polymer solution. As shown in Fig. 13, /kpeak/Uvortex increased with the relaxation
time of each solution. The slope of /-peak/ Uvortex against the solution concentration
is less than that of the relaxation time; quantitative analysis of the slope should be

the next step.
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Fig. 13 Comparison of time scale of 4 and /k-peak/ Uvortex.

4. Conclusion

An experimental study was performed to investigate the effects of the
extensional rheological properties of polymer solutions on vortex shedding in 2D
turbulent flow and on turbulent statistics. The mean extensional rate was varied by
changing the spacing of the cylinders of the combs that induced turbulent flow. The
main conclusions of this study are as follows.

1. Vortex shedding at the cylinder of each comb was visualized through
interference patterns. The vortices shed at the cylinder were categorized into three
types. The original vortices were categorized as Vortex-Typel. The wake region,
i.e., formation length expanded by increasing the PEO concentration. Subsequently,
the vortices were virtually diminished, and the transition regime was called Vortex-
Type2. The transition regime was shifted to a reduced concentration by increasing
the mean extensional rate. The vortices called Vortex-Type3 then appeared when
the concentration was further increased. Vortex shedding was quantified by the
shedding frequency, that is, Sz. St was not a one-direction variation in the PEO
concentration.

2. The vortex shedding regimes were influenced by the extensional relaxation
time of each solution measured by a CaBER. The relationship between the

relaxation time and period of vortex shedding, 1/f, at the comb defined the vortex
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flow regimes, as Vortex-Typel, 2, and 3. The finding was valid for all vortices shed
at different combs that induced different mean extensional rates.

3. The scaling index of the power spectrum of the 2D turbulent flow was
calculated. The scaling index indicated that the energy transfer in the 2D flow was
varied at a certain concentration. The concentration was reduced by increasing the
mean extensional rate, which corresponded to the concentration at which Vortex-
Type2 was observed.

4. The velocity fields behind the comb were measured by PIV, and the
turbulent statistics were calculated. The turbulent energy & behind the cylinder was
plotted to the distance from the cylinder. k£ was suppressed by adding PEO, and was
virtually diminished at the concentration where Vortex-Type2 was observed.
Subsequently, k£ was again increased by increasing the PEO concentration, and a
characteristic peak appeared downstream. However, the increase in & in the polymer
solution was not explained by the production, P, diffusion, D, and dissipation, &,
calculated by the equation based on Newtonian fluids. Indeed, P, D, and ¢ were
negligible. The value of k£ observed in the polymer solution may be related to the
instability caused by the coil-stretch behavior and polymer elasticity.

5. Although the slope of lk-peak/ Uvortex Versus solution concentration in the flow
regime of Vortex-Typel and Vortex-Type3 was less than that of the relaxation time,
there appeared to be a relationship between /i-peak/ Uvortex and relaxation time. The
results imply that the polymers were extended at the cylinder and gradually relaxed
in the wake region. Therefore, the first vortex appeared after the formation length,
which induced & without P. It seems that the mechanism is similar to the
relationship between the hibernation period and polymer relaxation process in

polymer-doped turbulent flows.
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