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ABSTRACT

We perform Direct Numerical Simulations to under-
stand the turbulent flow statistics and dynamics of a chan-
nel bounded by an incompressible viscous hyper-elastic wall
(modeled as a neo-Hookean material obeying the Mooney-
Rivlin law), having a sinusoidal shape in its unstressed state.
The simulations are carried out at a bulk Reynolds number
2800, and we examine the influence of different values of the
initial wall amplitudes on the flow statistics and wall defor-
mations. Among the tested cases, we observe that the fric-
tion Reynolds number exhibits a non-monotonic trend with re-
spect to increasing amplitude: at a specific value, the friction
Reynolds number drops compared to the baseline case, and
beyond that, it starts rising again. The study explores the drag
increase/reduction mechanism using different statistical mea-
sures and probing near-wall structures.

INTRODUCTION

Understanding the prospective impact of material com-
pliance on turbulent flow has attracted attention to both fun-
damental and industrial problems; for example, laminar-to-
turbulent transition delay (e.g., Nagy er al. (2022)), and fric-
tion drag reduction (e.g., Gad-el Hak (2002)). The use of com-
pliant surfaces to flow control is particularly intriguing in a
class of wall-bounded flows, due to its passive nature requir-
ing no additional energy (Tian et al., 2021).

The early research on compliant walls were limited to the-
oretical investigations, due to the complexity of the problem
arising from the mutual interaction between the deformable
walls and turbulence. In particular, there was an interest to
identify possible delays in transition and attenuation of turbu-
lence (Kumaran, 2021). However, wall compliance can lead
to both flow stabilization and destabilization (e.g., Benjamin
(1960, 1963); Landahl (1962)). Compliant walls can stabilize
the Tollmien-Schlichting instability, thereby delaying transi-
tion, but compliant walls can also experience surface desta-

bilizations, inducing new instabilities (Davies & Carpenter,
1997b,a). The theoretical work has recently been extended to
interactions with turbulent flows, reporting that pressure in-
stabilities lead to a larger-amplitude surface wave whose vari-
ations are characterized by the material properties (Duncan,
1986; Benschop et al., 2019).

In the experimental investigations, the literature reported
two different coupling motions between compliant walls and
turbulent flows. When wall deformation is smaller than one
wall unit, the system is called one-way coupled, where a trav-
eling wave is observed, which correlates with turbulent pres-
sure fluctuations (Zhang et al., 2015, 2017). On the other hand,
when the complaint wall deforms more than several wall units,
the system is called two-way coupled, where it emerges that
the streamwise-aligned wave travels in the spanwise direction,
and the spanwise-aligned wave travels in the streamwise direc-
tion (Wang et al., 2020; Greidanus et al., 2022).

In early numerical studies, compliant walls were modeled
as simplified mass-spring-damper systems (Endo & Himeno,
2002; Kim & Choi, 2014). Only recently have direct numer-
ical simulations been able to fully resolve fluid-structure in-
teraction in turbulent flows. The presence of the compliant
wall has been shown to increase the drag significantly due
to the enhancement of the wall-normal fluctuation, leading to
a decay in the streamwise coherent structures and increased
spanwise coherency (Rosti & Brandt, 2017). These span-
wise coherent structures bring high-speed momentum flow to-
wards the compliant wall, which reacts with intense ejection
events (Ardekani et al., 2019). This is caused by the nega-
tive vorticity lifting up, which is enhanced when the advec-
tion speed of near-wall pressure fluctuations matches the phase
speed of Rayleigh waves (Esteghamatian ef al., 2022). This
indicates that wave propagation within or above the compliant
wall can also increase turbulent intensity (Wang et al., 2020).
Additionally, the above effects cannot be fully attributed to the
wall deformation, and the wall compliance itself affects turbu-
lent flows (Koseki et al., 2025).
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Figure 1. Visualization of the computational domain with the fluid occupying the region above the wavy interface, and the viscous
hyper-elastic solid occupying the region below the interface. The interface surface is colored from green (negative) to orange (positive),
indicating the wall elevation with respect to a flat interface. The side panels show the instantaneous streamwise velocity fluctuations

(colored from blue (negative) to red (positive).

Previous research has mainly examined the effects of
compliant walls starting from a horizontal equilibrium posi-
tion. However, the effects of the initial surface shape on the
compliant wall have not yet been widely studied. In this work,
we thus study turbulent channel flows bounded by a compliant
wall with a wavy shape in its unstressed state. We aim to un-
derstand how the magnitude of its initial amplitude influences
the turbulent statistics and flow dynamics inside the channel.

NUMERICAL METHOD

An incompressible fluid flowing through a channel with
an incompressible viscous hyper-elastic wall is considered.
Direct numerical simulations are performed on a configuration
wherein the channel is bounded by a rigid wall and a sinusoidal
compliant wall at the bottom, which is spatially periodic in the
spanwise direction, as shown in Figure 1. The incompress-
ibility constraints and the momentum equations govern both
the fluid and the solid phases, where the Cauchy stress ten-
sors are either that of a Newtonian fluid or of a neo-Hookean
solid (Bonet & Wood, 2008). The fluid-structure interaction
problem is solved through a one-continuum formulation based
on the volume-of-fluid method, with the continuity of veloc-
ity and traction forces enforced at the interface between the
two phases. Finally, to close the equations using the Eulerian
formulation, we also solve the transport equation for the solid
volume fraction and the left Cauchy—Green deformation ten-
sor (Sugiyama et al., 2011). To solve this system numerically,
the second-order central finite-difference scheme is applied as
the space discretization, except for a WENO scheme applied
to the advection terms in the transport equations. The rest of
the system is advanced in time by the third-order Runge-Kutta
scheme, with the Crank-Nicolson scheme used for the solid
stress term in the Cauchy stress equation. The details of the
formulation and numerical methods are provided in Rosti &
Brandt (2017).

RESULTS and DISCUSSION
We study turbulent channel flows over compliant walls
with a wavy interface, along with flat-interface walls as a ref-

erence case. All cases are performed at a constant flow rate,
and analysis is done when the pressure gradient is statistically
converged. The bulk Reynolds number Re, = 2800 (based on
the bulk velocity U, and the half channel height /#) and the
modulus of transverse elasticity of the wall G = 1.0pU,? are
kept fixed, and only the amplitude of the sinusoidal wall geom-
etry is varied here. Under unstressed conditions, the amplitude
is varied from a/h = 0.0 (corresponding to a flat interface) to
a/h=0.25.

Figure 2 shows the variation of the friction Reynolds
number Re; on the hyper-elastic wall with a parametric vari-
ation in the amplitude a/h, and the figure shows a non-
monotonic trend with respect to the variation of the ampli-
tude. In fact, there is a specific value of the wall amplitude
that shows a minimum Re; within the cases considered. Be-
yond this amplitude, Re: increases further with an increase in
wall amplitude.
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Figure 2. Variation of the friction Reynolds number with the
amplitude of the sinusoidal compliant wall.
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To understand this non-monotonic trend in the overall
drag, we next look at the stress balance contributions inte-
grated across the wall-normal direction. In the turbulent chan-
nel flow over compliant walls, the mean momentum balance
can be described as:

Ty =Ty + TR+ Tg. (D

Here, 7,, is the total stress, which can be decomposed into the
three terms shown in the right-hand side: the first term is the
viscous stress Ty, the second term is the Reynolds shear stress
TR, and the third term is the contribution from the hyper-elastic
wall 7z. However, since the surface geometry is not homoge-
neous along the spanwise direction, as shown in Figure 1, we
need to extend this formulation to account for the wavy shape
of the compliant wall. To do so, we consider averages only in
time and in space, with the latter being limited to the only ho-
mogeneous direction, i.e., the streamwise direction. Thus, the
velocity u(x,y,z,t) is decomposed into a mean (u) (y,z), where
(-) indicates average in the streamwise direction and time, and
a fluctuations v’ (x,y,7,1), i.e.,

u(x,y,z,1) = (u) (v,2) +u'(x,y,2,1). )

This decomposition can capture the spatial inhomogeneity
caused by the wall shape more effectively than the classical
Reynolds decomposition. Introducing this decomposition into
the momentum equation along the streamwise direction, re-
sults in the following relation:
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where H = 2.5h is the total vertical length of the domain, u
the dynamic viscosity, p the density (1 and p are the same in

both the fluid and solid phases), and B the left Cauchy-Green
deformation tensor. Here, ty,,, Tr,,, TE,,, and T4 represent
the contribution from the viscous diffusion, Reynolds stress,
solid stress from hyper-elastic wall, and advection -all of them,
caused by the presence of spanwise inhomogeneity.

| R MR g +Tp, WMTy +TR,, +TA
1.5
. 104
1
3
& 0.5
e
=
N
0.0 1 —
—-0.5 \ \ \
0.0 0.03 0.25

a/h

Figure 3. The integral contribution of the different stress
components introduced in Eq. (3) across the wall-normal di-
rection. Each color bar represents the different contributions
to the total shear stress: viscous stress (blue), Reynolds shear
stress (orange), total solid stress from compliant wall (green),
and the other stress terms caused by the inhomogeneous ge-
ometry (red).

Figure 3 shows the integral shear stress balance contri-
butions as a function of the wall-normal direction for three
representative cases: baseline (a/h = 0.0), drag reduction
(a/h =0.03), and drag increase (a/h = 0.25), which also dis-
plays the non-monotonic trend observed in Figure 2. The fig-
ure clarifies that, among the different contributions, the solid
stress is predominantly responsible for the total shear stress,
i.e., the total drag. As the amplitude increases, the compli-
ant wall contribution grows substantially, as does the Reynolds
shear stress, while the viscous stress contribution is canceled
out by integration over the full domain. The contribution
from geometrical inhomogeneity seems to enhance the drag
decrease/increase, with further analysis needed to disentan-
gle this effect. Compared to the baseline, the drag-increase
case shows all stress components are strengthened, leading to
larger total stress, whereas the drag-reduction case shows com-
parable solid stress, slightly smaller Reynolds shear stress, and
larger negative geometrical inhomogeneous contributions that
help reduce the total shear stress.

The above observations are also apparent in the turbulent
structures and in the hyper-elastic wall deformations. Figure
4 shows instantaneous snapshots for the contour surfaces of
the streamwise velocity fluctuations and the bottom compli-
ant wall. In the baseline case, the streamwise fluctuations are
elongated in the spanwise direction, and the wall deformation
aligned along the streamwise direction, as reported by Rosti &
Brandt (2017); Koseki et al. (2025). Compared to the baseline,
the drag-reduction case shows small, fragmented structures
and fine wall undulations with a multitude of small-scale fea-
tures, indicating reduced stress from both turbulent flows and
the compliant wall. On the other hand, in the drag-increased
case, the structures become larger, and the sinusoidal wall de-
forms at the top and sides, which corresponds to the larger
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(a) Baseline

Figure 4. The instantaneous turbulent structures and defor-
mation of the compliant wall for the (a) baseline, (b) drag re-
duction, and (c) drag increase cases, same as Figure 3. The
iso-surfaces correspond to the streamwise velocity fluctuations
between the channel center and the bottom compliant wall:
u' = 0.1 (red) and —0.1 (blue). The surface interface is col-
ored by the wall displacement from its equilibrium position,
with the range from —0.08% (green) to 0.08% (orange).

Reynolds shear stress and the significantly strengthened solid
wall stress of the compliant wall. In general, the size of the
turbulent structures and the deviation of the wall deformation
tend to increase when the drag increases, which is also con-
sistent with the trend of shear stress, as shown in Figure 3,
confirming that the initial shape of the compliant walls can af-
fect turbulent flows through the interaction of the dynamics of
the wall and turbulent structures, thus reducing/strengthening
the drag.

CONCLUSION

In this work, we study the turbulent dynamics and statis-
tics of a channel with sinusoidal viscous hyper-elastic walls.
We find that variations in the amplitude of the compliant wall
have a significant impact on turbulent statistics and flow dy-
namics. It is seen that increasing the amplitude of the com-
pliant wall increases the drag in general; however, there ex-
ists a specific amplitude of the wall geometry at which there
is a reduction in friction. This non-monotonic trend is also
observed in the integrated shear stress balance, with the ef-
fects of the inhomogeneous geometry introduced. The hyper-
elastic solid stress contributes a significant portion of the total

shear stress, and the Reynolds stress also increases drag; how-
ever, the geometric inhomogeneous contributions need more
discussion. Finally, we look at instantaneous turbulent struc-
tures and wall deformations, which show that, compared to
baseline, smaller turbulent structures and wall deformations
are observed in the drag-reduction case, while larger ones are
observed in the drag-increase case. These results suggest that
the initial amplitude height affects the turbulent structures and
wall dynamics, resulting in the drag changes.
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