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Abstract — This paper investigates the effect of Reynolds number on drag reduction in a turbulent pipe flow
using transverse wall oscillation. Three Reynolds numbers are presented, Re; = 180,360, and 720. The drag
reduction values decline from 28.8% at Re; = 180 to 22.9% at Re; = 720. It is demonstrated that all three
Reynolds numbers are effective in suppressing small and intermediate scales of motion in and below the buffer
layer; however, large scales of motions are enhanced in the log layer and in the outer layer, an effect that
exacerbates with the Reynolds number. A spectral decomposition of a turbulent contribution to bulk mean
velocity from Fukagata-Iwamoto-Kasagi identity [1] shows that a comparable amount of drag reduction for
all three Reynolds numbers comes from suppressing small and intermediate scales of motion. However, large
scales of motion contribute negatively to drag reduction, which causes a loss of performance of transverse wall
oscillations with Reynolds number.

1. Introduction

Loss of performance of drag reduction mechanisms with Reynolds number has been previously
documented, including using some popular techniques, such as spanwise-wall oscillations and
streamwise-traveling waves [2]. However, the reason for this decline of effectiveness remains
unclear. Earlier studies were focused on characterizing the mean velocity profile with drag
reduction. They attributed the loss of effectiveness to a smaller proportion of the region affected
by control to the overall region of the flow as the Reynolds number increases. More recent
studies performed a spectral decomposition of the flow with and without drag reduction, and
the influence of the so-called large-scale motions [3] on skin friction drag was found important.
These studies suggested that the flow control mechanism that targets the near-wall layer is
inefficient in suppressing the large scales of motion, which leads to a decreased effectiveness of
control as the Reynolds number grows.

Effect of Reynolds number on drag reduction with spanwise wall oscillations was previ-
ously investigated for channel flows and boundary layers [2]. Pipe flows, on the other hand,
bear an important practical significance for a fuel transportation through pipelines. Moreover,
pipe flows represent a fundamental canonical configuration in turbulence research, which was
shown to have similarities, but also differences with channel flows and boundary layers [3].
The present paper focuses on characterizing the effect of Reynolds number on a turbulent pipe
flow with transverse wall oscillation. The study is performed utilizing a spectral-element Direct
Numerical Simulation methodology [4].

2. Problem setup

Flow in a pipe of a length L = 24 R, where R is a pipe radius, is considered. For each Reynolds
number (Re; = 180,360, and 720), we compare two configurations: a standard pipe, with no
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wall oscillations, and a pipe where transverse wall oscillations are employed to achieve drag
reduction. In controlled cases, the azimuthal pipe wall velocity, W, (¢), varies harmonically
in time according to the law,

Wwall(t) =Wy SiIl(zT—nl). (D

0

For all three Reynolds numbers, we set the non-dimensional amplitude and period of wall oscil-
lations in wall units as WOJr =10, TO+ = 100, which provide near-optimum drag reduction values
in this range of Reynolds numbers [2].

In the current paper, the incompressible Navier-Stokes equations are numerically solved
utilizing the Direct Numerical Simulation (DNS) technique. DNS of uncontrolled and con-
trolled cases for the three Reynolds numbers are performed using an open-source spectral-
element method Nek5000. The readers are referred to Ref. [4] for more details on the numer-
ical methodology. Boundary conditions at the pipe wall utilize Dirichlet boundary conditions,
with zero wall velocity in the uncontrolled case, and the wall velocity set to u = (0,0, W, (2))
in the controlled case, with W,,,;;(7) given by Eq. (1), and the velocity vector w = (uy, u,,ug)
containing streamwise, radial, and azimuthal velocity components, respectively. The flow in
the present simulations is driven by a constant pressure gradient equal to dP/dx = —21,,/R,
where 7, is the wall shear stress, fixed in both controlled and uncontrolled configurations of the
same Reynolds number. Therefore, the effect of drag reduction is seen through an increased
bulk mean velocity Up, in this setting.

3. Results

3.1 Drag Reduction

Table 1 documents the amount of drag reduction achieved at all three Reynolds numbers, cal-
culated both as the percent increase in bulk velocity, and the percent decrease in skin friction.
A decrease of effectivenes of the wall oscillations as the Reynolds number increases is evident.

Table 1: Percent change of bulk mean velocity (%AUpux = (Ug,; — Uk ui) /UL i - 100%) and
skin friction (%ACf =—(C;—C})/C}-100%, Cr =21, /(p Ul%ulk)>. Superscript “c” refers to
controlled cases, and “u” to uncontrolled cases.

Rer | %AUpa | ACy
170 | 1854 | 2838
360 | 1625 | 26.0
720 | 13.9 22.9

3.2 Turbulence Spectra

Figure 2 presents the difference in the spectra of streamwise Kinetic energy, u/u./u2, u; =
\/Tw/p is the friction velocity, between controlled and uncontrolled cases as a function of wall
normal location and the wavelength; A, and A, denote the streamwise and azimuthal wave-
lengths, respectively, r is the radial coordinate, and y is the distance from the wall. Superscript
“+” denotes the normalization in wall units, and superscript “x” denotes the normalization in
outer units as, e.g., A = A,/R. It can be seen that both small and large streamwise scales
of motion are suppressed by the flow control in and below the buffer layer, while the large
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streamwise scales of motion with A~ > 5000 are enhanced in and above the log layer. For the
azimuthal scales of motion, the small scales with A, < 500 are equivalently suppressed in all
three Reynolds numbers. However, the larger azimuthal scales, with A;" > 500 are enhanced all
throughout the pipe interior, but especially above the buffer layer. Larger Reynolds number do-
mains allow for a development of a wider range of large-scale structures, whose enhancement,
conceivably, contributes negatively to skin friction drag reduction.

Figure 3 documents the difference in the spectra of the Reynolds shear stress, ulu//u2,
between controlled and uncontrolled cases as a function of wall normal location and the wave-
length. One can observe that in and above the buffer layer, Reynolds shear stress contribution
in WWO cases is reduced in all the streamwise wavelengths (except for a small set of short
streamwise wavelengths A, < 500) to a height of y™ & 50, or approximately twice the Stokes’
layer width (figures 3a, 3c,3e). Above this region, the streamwise wavelengths of less than
A < 5000 remain attenuated. However, larger scales of motion exhibit significant energy in-
creases in and above the log layer. A similar pattern is observed for the azimuthal spectra of the
Reynolds shear stress in Figures 3b, 3d, 3f. Attenuation in the azimuthal wavelengths associated
with the azimuthal streak spacing (A;” & 100) in the buffer layer in the WWO as compared to
the NWO cases is pronounced. Enhancement of the large azimuthal scales in the outer layer by
wall oscillations can be noted as well. Effect of the Reynolds number seems to be in strength-
ening of this large-scale enhancement in the outer layer, both for streamwise and azimuthal
wavelengths. Additionally, as Reynolds number increases, a fractal-like pattern emerges (blue
and red “fingers” visible in the azimuthal spectra), where progressively larger azimuthal scales
are being affected (suppressed or enhanced) as the near-wall distance increases, testifying of
the influence of wall oscillations on the hierarchy of turbulent structures that form the near-wall
attached eddies [5], hairpin packets [6], and very-large-scale motions [7].

3.3 Contribution to Bulk Mean Velocity
Utilizing Fukagata-Iwamoto-Kasagi identity [1], it is possible to decompose the bulk mean
velocity as
U+ _ReT—R lﬁ*zd* 2

bulk_T er/o Uy Uy r ar, (2)
r* = r/R, where the first term represents a laminar contribution (identical between controlled
and uncontrolled cases at a fixed Re;), and the second term represents the turbulent contribu-
tion, U;lek. Figure 1 shows the spectra of the difference of the turbulent contribution, AU;);,(,
between controlled and uncontrolled cases. Figure 1 shows a significant amount of drag reduc-
tion (increase in a non-dimensional bulk mean velocity) in small- to intermediate- streamwise
and azimuthal scales of A,” < 5000 and A;" < 500, practically invariant with the Reynolds
number, which signifies that this method of flow control is effective in suppressing the near-
wall cycle, which it was designed to do. However, the larger scales of motion, A" > 5000 and
A" 2 500, contribute negatively to drag reduction, which degrades its efficiency with Reynolds
number.

4. Conclusions

The current study documents the results of direct numerical simulation of a turbulent pipe flow
with and without transverse wall oscillation for three Reynolds numbers, Re; = 170,360 and
720. It is found that wall oscillation results in an increase of a flow rate by almost 20% and,
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Figure 1: Spectra of the difference of the turbulent contribution to bulk mean velocity.

consequently, achieves a drag reduction of approximately 30% at the lowest Reynolds num-
ber; however, this effect decreases as the Reynolds number increases. Spectra of streamwise
kinetic energy, Reynolds shear stress and the turbulent contribution to the bulk mean velocity
are analyzed to explain this effect.

It is found that the primary effect of wall oscillation is to reduce the turbulent kinetic energy
and Reynolds shear stresses in the intermediate- to large- streamwise and azimuthal scales of
motion in the buffer layer of the flow. To the contrary, energy and shear stresses are increased in
the large-scale structures in the log layer and the wake region. At the lowest Reynolds number,
Re; = 170, the inner layer extends through ~ 65% of the domain while it comprises ~ 15% of
the domain at Re; = 720. Since the overall attenuation of energetic structures is limited to the
inner layer of the flow, this explains the reduced effectiveness of the wall oscillation as a drag
reduction mechanism as the Reynolds number increases.

The analysis of the contribution to the bulk mean velocity based on the Fukagata-Iwamoto-
Kasagi identity [1] shows a good collapse of the difference in its spectra between the uncon-
trolled and controlled cases across all three Reynolds numbers, showing that the drag reduction
is limited to the streamwise wavelengths of A" < 5000 independent of the Reynolds number.
The wavelengths with A7 > 5000, which are progressively more dominant at high Reynolds
numbers, lead to a drag increase. This observation can lead to a conclusion that drag reduc-
tion mechanisms that are optimized at reducing near-wall turbulence at low Reynolds number
may not necessarily be as effective at higher Reynolds numbers since they fail to control the
large scales of motions. Perhaps, different drag reduction strategies, targeted at larger-scale
structures [10, 11], can yield a better performance at high Reynolds numbers.
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Figure 2: Difference in the spectra of streamwise kinetic energy between controlled and un-
controlled cases as a function of wall normal location and the wavelength: (a,c,e) streamwise
spectra; (b,d,f) azimuthal spectra. From top to bottom: (a,b) Re; = 170, (c,d) Re; = 360, and
(e,f) Re; = 720.
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Figure 3: Difference in the spectra of Reynolds shear stress between controlled and uncontrolled
cases as a function of wall normal location and the wavelength: (a,c,e) streamwise spectra;
(b,d,f) azimuthal spectra. From top to bottom: (a,b) Re; = 170, (c,d) Re; = 360, and (e,f)

Ref - 720.
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