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ABSTRACT
The reduction of turbulent drag via transverse wall os-

cillations has been demonstrated as a robust drag reduction
mechanism by both experiments and high-fidelity simulations.
This mechanism has been demonstrated by active means, both
for temporal wall oscillations and traveling-wave wall oscilla-
tions. In this work, wall-modeled large-eddy simulation (WM-
LES) is used to simulate this drag reduction mechanism and
is subsequently validated against available data. WMLES of
oscillating pipes is first used to study the case of active drag
reduction. WMLES is then used to evaluate the potential for
passive drag reduction by inducing the drag reducing effects of
transverse wall oscillations through geometric modifications
of pipes. A slight drag reduction effect is observed for a small
range of twist amplitudes across three different cross-sectional
geometries. For larger twist amplitudes, the geometry modifi-
cations increase the drag relative to a round pipe.

INTRODUCTION
The reduction of turbulent drag in pipes has the potential

to lead to substantial cost savings in a number of engineering
applications, one such example being pipelines which require
pumps to overcome the effects of drag over long distances.
Turbulent drag reduction has been demonstrated through a
number of approaches, such as riblets and injection of poly-
mers; however, these methods also come with drawbacks. No-
tably, riblets can be difficult to manufacture and only reduce
drag at a narrow set of flow conditions, while polymers can de-
grade over time and require re-injection into the flow to main-
tain the drag reducing effect.

Transverse wall oscillations have recently been shown to
be a drag reduction mechanism that is robust to a range of flow
conditions while also not requiring introduction of depletable
materials.

Marusic et al. (2021) used a mix of experiments and sim-
ulations to demonstrate the effect of transverse traveling-wave
wall oscillations induced by a number of moving panels. The
results showed drag reduction up to 25% with a net reduction
in power for some Reynolds numbers.

Sabidussi et al. (2024) performed experiments of an az-
imuthally oscillating pipe where drag reduction of up to 31%
was demonstrated and the drag reduction mechanism was
shown to be largely Reynolds number independent for a range
of conditions.

COMPUTATIONAL FRAMEWORK
The code used to perform the WMLES of the pipes in this

work is charLES, which is a 2nd-order, low-dissipation, un-
structured finite-volume code for compressible ideal gas flow
from Cadence Design Systems. While the code used is for
compressible flow, the simulations are run at low Mach num-
bers such that the effects of compressibility are negligible to
approximate incompressible flow. The code uses Voronoi-
based mesh generation which can easily generate body-fitted
meshes for complex geometries (Brès et al., 2018).

TEMPORALLY-OSCILLATING PIPE
The case of an azimuthally oscillating wall turbulent pipe

is simulated in order to validate the LES against results in
the literature. The case simulated is a circular pipe with an
length of 12.5 diameters and periodic boundary conditions in
the axial direction. The bulk Reynolds number of the pipe is
Reb = 11700 based on the pipe diameter which corresponds
to a friction Reynolds number of Reτ ≈ 366. The wall of the
pipe is oscillated in the azimuthal direction at varying rota-
tional speed amplitudes with a non-dimensional oscillation pe-
riod T+ = 100. The non-dimensional azimuthal accelerations
of the pipe range from a+ ≈ 0.06 to 0.30.

The grid resolution of these simulations is chosen such
that, near the center of the pipe, the largest control volume
spacings are approximately 0.05 pipe diameters. The grid is
isotropically refined close to the walls of the pipe such that the
most refined control volume spacings near the pipe wall are
approximately 0.0063 pipe diameters. This grid resolution is
chosen as the baseline and leads to approximately 15.4 million
control volumes in total.
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The axial drag reduction predictions of the WMLES of
the oscillating pipe are shown in Figure 1 and compared to
the experiments of Choi & Graham (1998) and Sabidussi et al.
(2024). Because the friction Reynolds number of the WMLES
cases is relatively low, the WMLES data is clustered towards
the right half of the plot. For the lowest value of the non-
dimensional acceleration, the LES agrees closely with the ex-
perimental values of drag reduction. For the higher values of
non-dimensional acceleration, the LES shows a similar trend
to the experiments but has slightly higher drag reduction com-
pared to the experimental results. The results show a generally
good agreement between the WMLES and the experimental
results in the literature which suggests that the simulations are
capable of capturing the important drag reducing mechanisms
in this flow configuration. This validates the approach such
that it can be used to evaluate previously unstudied geometries
in a predictive manner.

GEOMETRICALLY-INDUCED AZIMUTHAL OS-
CILLATION

In this section, various shapes are explored in order to de-
termine the feasibility of inducing the azimuthally oscillating
wall drag reduction mechanism through passive means. The
geometries are evaluated using the WMLES approach that was
validated against reference data in the previous section.

Three cross-sectional shapes are chosen, which include a
regular polygon, an inverted regular polygon, and a so-called
“cactus” shape. The cactus shape is reminiscent of designs of
riblets (particularly similar to the sinusoidal riblets studied by
Peet et al. (2008)); however, the scale of the ridge shapes is
not determined by an inner unit scaling with Reynolds number
and is instead a large-scale geometric structure.

In order to allow easier comparison between these shapes
and a circular pipe, the cross-sections are all scaled such that
they have a common hydraulic diameter, defined as DH =
4A/P, where A is the cross-sectional area and P is the perime-
ter. The common choice of hydraulic diameter allows the
shapes to be simulated with the same bulk Reynolds number
Reb =UbDH/ν = 11700, where Ub is the prescribed bulk ve-
locity and ν is the kinematic viscosity. The three cross section
shapes are plotted in Figure 2(a-c).

Along the axial direction of these pipes, a sinusoidal twist
is applied to the cross section to attempt to induce some az-
imuthal rotation to the flow near the wall. In the present ge-
ometries, over the length of the domain, 12.5DH , exactly one
full period of oscillation is applied. In order to vary the amount
of rotation the flow will undergo, the amplitude of the twist, φc,
is varied across the three geometries, from 0.15 up to 2.4 ra-
dians. Larger twist amplitudes attempt to rotate the flow near
the wall more aggressively. An example of a pipe with twist
amplitude of 0.6 radians is shown in Figure 2(d).

A sweep of WMLES calculations are performed for the
three cross sections as well as for six different amounts of twist
amplitude, which includes the zero twist case as a baseline.
The resulting level of drag reduction (or increase) relative to
the circular pipe case is plotted in Figure 3 as a ratio of friction
Reynolds numbers over a range of twist amplitudes. Overall,
there is a general trend observed that for a low level of twist
amplitude, a slight drag reduction effect is realized, with the
cactus shape showing a little less than ∼ 2% reduction in drag
relative to the circular pipe, and the other shapes showing less
than 1% reduction. At higher levels of twist amplitude, the
drag begins to increase relative to the circular pipe case. This
is hypothesized to be caused by the flow failing to turn with

the geometry at larger twist amplitudes and instead flowing
over the twisting geometric features leading to a rise in pres-
sure drag. This demonstrates that while it is possible to induce
the oscillating wall drag reduction effect through these passive
means, a careful balance is required to ensure that the flow fol-
lows the geometric features at the wall and does not flow over
them as if they are a type of geometric roughness impeding the
flow.

DISCUSSION
Among the three cross-sectional geometries tested, the

cactus shape produced the most pronounced drag reduction ef-
fect; therefore, it will serve as the primary case for the remain-
der of the discussion. First, in order to further verify the WM-
LES results for the drag reduction in the cactus shape cross
section, given the lack of reference results for this geometry, a
grid refinement study is conducted. Following the best prac-
tice for the charLES code, further refined grids are generated
by inserting layers of isotropically 2× refined control volumes
in layers near the boundary surface. A sequence of fine grid
simulations (2× refined or 77 million control volumes) is per-
formed at all twist amplitudes, as well as an additional extra
fine grid simulation (4× refined or 322 million control vol-
umes) at a single twist amplitude of 0.3 radians, coinciding
with the most significant drag reduction. The extra fine grid
simulation was only performed at a single twist amplitude due
to the significant increase in computational cost for that case.
The results of the grid refinement study on the drag reduction
are plotted in Figure 4. While there is a discrepancy of ap-
proximately 1% of the smooth pipe drag between the baseline
and the fine grid results, the qualitative behavior is unchanged,
with the extra fine grid simulation showing even less discrep-
ancy from the fine grid, suggesting the solution is suitably grid
converged in order to investigate the drag reduction mecha-
nism in this case.

In order to better understand the mechanism behind the
drag reduction in the cactus-shaped pipe case, the temporally-
and azimuthally-averaged skin friction is plotted along the ax-
ial coordinate of the pipe in Figure 5. These results are nor-
malized by the average drag of the zero twist amplitude case.
Viewing the averaged skin friction along the axial coordinate
of the pipe highlights the areas of the pipe where drag is most
significantly reduced (and increased) with respect to the zero
twist case, which highlights the areas where the mechanism
governing the drag reduction is likely to be most active. In the
smaller twist amplitude cases of 0.15 and 0.3 radians, the fric-
tion velocity is approximately sinusoidal above and below the
friction velocity of the zero twist case, but with a bias slightly
below the zero twist case, showing the net drag reduction. In
the 0.6 radian case, the friction velocity peak starts to increase,
while a secondary peak starts to form, diminishing the over-
all drag reduction effect. By the 1.2 and 2.4 radian cases,
the friction velocity peak becomes even more apparent while
the troughs in the friction velocity remain the same or dimin-
ish in amplitude. To better understand the flow features that
lead to these effects, the twist amplitude cases of φc = 0.3 and
φc = 2.4 radians are chosen as baselines for a drag-reduced as
well as a drag-increased case, respectively.

In order to investigate the mean flow structures in the cac-
tus shape pipes, the flow field is averaged over time, as well
as over the 12-fold azimuthal symmetry, and over the axial di-
rection while adjusting for the phase of the pipe twist. The
volume-averaged axial velocity is plotted in Figure 6(a,b) for
the zero twist baseline and the 0.3 radian twist case. The 0.3 ra-
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dian twist case shows a lack of secondary flow features which
leads to a reduced velocity on average inside the troughs of the
geometry, suggesting that the twisting of the surface geometry
effectively disturbs the secondary flows to reduce the overall
drag in the pipe. This is corroborated by the Reynolds shear
stresses plotted in Figure 7(a,b) which show that the twisted
case diffuses the Reynolds stress peaks away from the peaks
of the geometry and ultimately reduces their peak value rela-
tive to the zero twist case. The azimuthal velocities shown in
Figure 8(a,b) also show the diminished secondary flow from
the zero twist case to the 0.3 radian twist case.

In contrast to the 0.3 radian twist case which shows the
most significant drag reduction, the cases with increased twist
amplitude start to show diminishing returns, ultimately lead-
ing to a significant increase in drag. The 2.4 radian twist case
shows the largest increase in drag with an approximately 8%
increase in drag over a round pipe. Figure 5 shows that while
this case does maintain some regions of reduced drag, there are
significant spikes which raise the drag overall. The Reynolds
shear stress plotted in Figure 9(a) shows a localized peak that
has moved inside of the troughs of the geometry. This is con-
sistent with flow passing over the geometric features, rather
than following their turning directions, mixing faster fluid into
the troughs. The azimuthal velocity in Figure 9(b) shows that
the secondary flow from the zero twist case has been effec-
tively reversed, with azimuthal velocities in the mean flowing
towards the low point of the trough. Ultimately, this results
from the rapid turning of the geometric features at the higher
twist amplitudes such that the flow near the wall is not able
to follow, instead flowing over the geometric features and in-
curring an increased drag. This highlights the fact that the use
of the surface geometry to control the flow must be selected
carefully in order to balance the benefits of the drag reduction
effect with the drag penalty incurred from trying to turn the
flow too aggressively.

CONCLUSIONS
The drag reduction effect of a transverse oscillating wall

has recently been shown through high fidelity simulations and
experiments to be a robust drag reduction mechanism, with
significant drag reduction at a range of Reynolds numbers.
While this drag reduction effect is robust, the practical chal-
lenges of transverse oscillating walls and pipes make the ac-
tive approach to this drag reduction effect unrealistic. Inducing
this drag reduction effect passively by modifying the geome-
try of a pipe wall is desirable since it is easier to practically
implement. First, WMLES calculations were carried out for
the azimuthally-oscillating circular pipe and the results were
used to validate the WMLES approach against experimental
data. Secondly, three cross-sectional geometries were chosen
to form pipes with twisting geometrical features in the axial
direction to attempt to passively induce the oscillating wall ef-
fect in the flow closest to the wall.

The WMLES results for the three cross-sectional geome-
tries show a slight drag reduction effect at low levels of axial
twist amplitude. At higher levels of twist amplitude, the rota-
tion of the geometrical features becomes too aggressive, such
that the flow near the wall of these pipes begins to flow over the
features rather than follow them, leading to a rise in pressure
drag that raises the overall drag through the pipe. These re-
sults suggest that while some slight drag reduction effect may
be attainable through the introduction of twisting geometric
features at the pipe walls, there is a balance that must be main-
tained so that the pressure drag introduced by these geometric

features does not begin to overwhelm the drag reduction effect.
Further analysis of the mean flow features of the cactus-

shaped cross-section geometry showed that at lower twist am-
plitudes where a drag reduction is achieved, the flow induced
by the turning geometry disturbs the secondary flows into the
troughs, maintaining lower speed flow near the walls and re-
ducing the peak Reynolds shear stresses in the mean. The re-
duction of the Reynolds shear stresses is consistent with the
reduction of the turbulent part of the drag per the decomposi-
tion of Fukagata et al. (2002). For the higher twist amplitude
cases where the drag begins to increase, the flow starts to pass
over the ridges rather than follow them, leading to more mix-
ing inside the troughs as well as a stronger, reversed secondary
flow. This highlights the careful balance required to achieve
a reduced drag while not attempting to force the flow past the
point that it can smoothly follow the surface.
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Figure 1. Drag reduction of the oscillating pipe plotted with respect to the non-dimensional acceleration. Present LES results are
compared to experimental results of Choi & Graham (1998) and Sabidussi et al. (2024).

(d)

Figure 2. Shapes of the cross sections used for the aim of passive induction of the azimuthal flow oscillations. The (a) regular polygon,
(b) inverted polygon, and (c) cactus shape are plotted with unit hydraulic diameters. (d) Oblique view of the cactus shape geometry
with sinusoidal twist along the axial direction. This geometry shows a twist amplitude of 0.6 radians.
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Figure 3. Change in drag (measured as friction Reynolds number) relative to a circular pipe of equal hydraulic diameter as a function
of the twist amplitude for three cross-sectional geometries.
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Figure 4. Grid refinement study of the drag reduction for the cactus shape geometry at varying twist amplitudes.

Figure 5. Azimuthally- and temporally-averaged friction velocity, uτ , as a function of the axial coordinate in the cactus-shaped pipes
with varying twist amplitudes, normalized by the average friction velocity of the zero twist case, u0

τ .

(a) (b)

Figure 6. Volume-averaged axial velocity ⟨ux⟩ for the (a) zero twist amplitude and (b) 0.3 radian twist amplitude cases.
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(a) (b)

Figure 7. Volume-averaged Reynolds shear stress ⟨u′ru′x⟩ for the (a) zero twist amplitude and (b) 0.3 radian twist amplitude cases.

(a) (b)

Figure 8. Volume-averaged azimuthal velocity ⟨uθ ⟩ for the (a) zero twist amplitude and (b) 0.3 radian twist amplitude cases.

(a) (b)

Figure 9. (a) Volume-averaged Reynolds shear stress ⟨u′ru′x⟩ and (b) volume-averaged azimuthal velocity ⟨uθ ⟩ for the 2.4 radian twist
case.
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