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Effects of surface roughness in a turbulent plane Couette-Poiseuille flow
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ABSTRACT

Direct numerical simulation (DNS) of a fully developed
turbulent Couette-Poiseuille flow with a rod-roughened wall is
performed to investigate effects of two-dimensional (2-D) surface
roughness elements. The roughness elements are periodically
arranged on the bottom wall with a streamwise pitch of A = 8k and
the roughness height is k/h = 0.12, where k is the roughness
height. It is shown that the logarithmic law in the streamwise
mean velocity profile over the rough wall Couette-Poiseuille flow
is significantly shortened by the surface roughness compared to a
turbulent Couette-Poiseuille flow with smooth wall. The
Reynolds normal and shear stresses over the rough wall Couette-
Poiseuille flow are decreased compared to that in the turbulent
Couette-Poiseuille flow with smooth wall in the outer layer.
These results are attributed to the weakened turbulence activity or
roll-cell mode over the rough wall Couette-Poiseuille flow near
the channel centerline because growth of the streamwise velocity
fluctuating u-structure on the top wall is suppressed significantly,
as documented through spanwise energy spectra of the
streamwise velocity fluctuations.

INTRODUCTION

Turbulent Couette-Poiseuille flow can be easily seen in our
life with higher diffusion efficiency and lower resistance than
Poiseuille flows. These features lead to much efforts on the study
of turbulent Couette-Poiseuille flows with smooth wall thus far
(Pirozzoli et al.,, 2011). However, due to the difficulties in
constructing experimental environments for such flow with
surface roughness, little information has been known on Couette-
Poiseuille flows with surface roughness elements. In turbulent
boundary layer flows with surface roughness, Townsend (1976)
argued that the turbulent motions are affected only in the vicinity
of the surface roughness when the surface roughness is
sufficiently small at a sufficiently large Reynolds number
(Raupach et al., 1991; Jim@nez et al., 2004). Schultz et al. (2007)
showed that the effect of surface roughness of the three-
dimensional irregular shapes is confined within 5 times of surface
roughness height (k) or 3 times of effective sand grain roughness

(k;) regardless of the surface roughness height. In contrast,
Burattini et al. (2008) found that the influence of surface
roughness based on Reynolds stresses and skewness exists
beyond the channel centerline when the one-sided 2-D rods are
present in a turbulent channel flow. On the other hand, in a plane
Couette flow, Aydin et al. (1991) found that there is a significant
difference in Reynolds stress between the stationary wall and the
moving wall when the bottom and top walls have spherical
surface roughness elements.

In the present study, we investigate the effects of surface
roughness on the Couette-Poiseuille flow with a one-sided rod-
roughened wall. In particular, much attention is directed toward
the modification of turbulence near the channel centerline for the
Couette-Poiseuille flow by the surface roughness, as the longest
structures residing in the channel centerline organize the entire
flow field with excessively large amounts of energy for Couette-
like flows (Pirozzoli et al., 2011; Avsarkisov et al., 2014; Kim
and Lee, 2018). The surface roughness is placed only on the
bottom wall. In order to identify the effects of the surface
roughness on the Couette-Poiseuille flow, turbulent statistics (i.e.,
mean velocity, Reynolds stresses, time-averaged velocity fields
and energy spectra of the streamwise velocity fluctuations) are
analyzed, and compared with a dataset from a turbulent plane
Couette-Poiseuille flow over a smooth wall (Kim and Lee, 2018).

NUMERICAL DETAILS

For an incompressible flow, the non-dimensional governing
equations are
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where i; represents the corresponding total velocity components
and x; denotes the Cartesian coordinates. Throughout this study, x,
y, and z refer to the main flow direction, the direction
perpendicular to the wall surface, and the spanwise direction, and
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u, v, and w denote the corresponding velocity fluctuations in each
cdirection. All variables are normalized by the laminar channel
centerline velocity (U,) and the channel half-height (h), and the
Reynolds number is defined as Re = U,h/v = 7200. The
immersed boundary method is used to describe the surface
roughness in the Cartesian coordinates with a rectangular domain
(Kim et al., 2001). The discrete-time momentum forcing f; is
explicitly calculated in time to impose a no-slip condition on the
immersed boundary. The roughness elements are periodically
arranged on the bottom wall with a streamwise pitch of A = 8k and
the roughness height (k) and width (w) are k’/h = w/h = 0.12,
leading to a fully rough state. Two streamwise locations (I and IT)
are defined to examine the streamwise variations of the turbulent
statistics: I, the center of the roughness valley, and II, the center
of the roughness crest. The bottom wall is stationary and y
indicates the moving velocity on the top wall (iix) normalized by
the centerline laminar velocity, y = fin / Uc. U:s and u.u denote the
local friction velocity on the bottom and top walls for each flows,
respectively. No-slip condition is used for the wall surface and
periodic boundary conditions are applied in the streamwise and
spanwise directions. The domain size for the calculation is (L, Ly,
L,) = (40mh, 2h, 6mh) and the number of grids is (N, N,, N;) =
(4096, 179, 1024). The sampling time is sufficient to allow
particles to travel through the streamwise dimensions at the bulk
velocity more than three times.

RESULTS AND DISCUSSION

The mean streamwise velocity profiles normalized by the
local bottom wall friction velocity (u:s) are shown in figure 1(a).
Hereafter, the statistics normalized by u,s are expressed with a
supercript +. C-type and CR-type indicate Couette-Poiseuille flow
with a smooth wall and Couette-Poiseuille flow with a roughness
element respectively. The virtual origin (e/k ~0.5) is defined as
the origin of the wall-normal distance (Jackson, 1981) and the
wall-normal distance from the virtual origin is defined as y' = y-¢.
For the C-type in figure 1(a), a long logarithmic layer with k =
0.41 and B = 5.0 is observed up to the channel centerline despite
the Reynolds number is low. However, for the CR-type, it is
apparent that the logarithmic layer is significantly shortened
compared to the that for the C-type and the profiles does not
extend to the channel centerline. Due to the surface roughness, it
is clear a downward shift of the mean velocity profile for the CR-
type.

The streamwise Reynolds normal and Reynolds shear stress
profiles normalized by u:s are presented in figures 1(b) and (c).
Here, the angle brackets denote average in time and in the
spanwise direction. For the C-type, nearly constant Reynolds
stress lines are shown in both figures 1(b) and (c) near the
channel centerline. Kim and Lee (2018) reported that the increase
of the Reynolds stresses in the outer region for the C-type is due
to the growth of near-wall u-structures into the opposite wall on
the bottom and top walls respectively. For the CR-type, both the
Reynolds stress profiles are well collapsed above y = 3k
regardless of the streamwise locations I and II, indicating that the
upper limit of the roughness sublayer is y = 3k by the definition of
Bhaganagar et al. (2004). The most interesting feature is that the
Reynolds stresses for the CR-type are decreased compared to that
for C-type in the outer layer, implying that the very-large-scale

structures residing near the channel core region for the C-type are
weakened by the 2-D rod roughness. Note that excessive
Reynolds shear stress for the CR-type compared to that of C-type
in the roughness valley is observed.
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Figure 2. Temporally averaged u-structures (<u>/u.s) with velocity vectors constructed using time averaged mean wall-normal
(<v>/u,s) and spanwise velocities (<w>/u,s) on the yz plane: (a) C-type, (b) CR-type (I) and (c) CR-type (II). Only part of the entire
spanwise domain is depicted. In each figure, line contours of <u>/us =1.5 (solid lines) and -1.5 (dashed lines) are visible to
highlight the strong u-motions.
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Figure 3. Pre-multiplied 2-D spanwise energy spectra of the streamwise velocity fluctuations (k,®../uss%): (a) C-type and (b) CR-type.
The contour level for all types is shown in (b).

In figure 2, the temporally averaged u-structures for the C-
and CR-types with time-averaged v and w vectors are drawn to
investigate the turbulence activity associated with the different
features of Reynolds stresses in the outer region for the C- and
CR-types in figure 1. Here, the angle brackets with subscript of t
denote average only in time. Red and blue areas indicate positive

and negative u-structures and small portion of the entire spanwise
domain is plotted for simplicity. In figure 2(a) for the C-type,
large-scale patterns of high- and low-momentum are clearly
observed, consistent with the previous experimental and
numerical studies (Pirozzoli et al., 2011 and Avsarkisov et al.,
2014). In addition, strong positive and negative u-structures are
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towered on the top and the bottom walls respectively. In figures
2(b) and (c) for the CR-type, it is clear that large-scale patterns
are also observed, even though the surface roughness is imposed.
However, it is shown that the strength of the large-scale structures
is reduced by the surface roughness (see the contour level), with
detached strong positive u-structure on the top wall, leading to the
decrease of the Reynolds stresses near the centerline. In figure
2(a) with vector fields, the existence of roll-cell modes for the
strong regions of positive and negative u-structures is clear. Since
roll-cell mode is known to be associated with large-scale
structures (Hutchins and Marusic, 2007), the decreased Reynolds
shear stress for the CR-type in the outer region is mainly by
weakened roll-cell mode for the CR-type.

To further examine the origin of the reduced large-scale
activity, the spanwise energy spectra of the streamwise velocity
fluctuations are investigated. Here, the one-sided wavenumber
spectrum of the streamwise velocity fluctuations @,, is pre-
multiplied by spanwise wavenumber k.. A new vertical coordinate
n is defined for a better understanding of energy spectra with
respect to channel centerline;

n =y where 0 <y <h
©
n =2h- y where h<y <2h.

For the C-type, two inner peaks are visible at each bottom and
top wall which is quite similar to those in a pure turbulent
Poiseuille flow. The most outstanding feature in the energy
spectra for the C-type is a clear outer peak located at the channel
centerline with a wavelength of approximately A/h = 4.6,
demonstrating presence of very long motions residing near the
channel centerline with excessive amount of energy. For the CR-
type, however, the overall characteristics are totally different. The
inner peak energy near the bottom for the CR-type decreases
considerably compared to that of the C-type due to the breakup of
streamwise vortices by the surface roughness (Schultz et al.,
2007). Furthermore, the inner peak energy near the top wall is
absent due to the surface roughness, showing that the growth of
the streamwise velocity fluctuating u-structure on the top wall is
suppressed significantly. The suppressed development of the
near-wall structures on the top wall results in the weakened large-
scale activity for the CR-type, leading to the decrease of the
Reynolds stresses.

SUMMARY AND CONCLUSIONS

In this study, DNS of a turbulent plane Couette-Poiseuille
flows with a one-sided rod-roughened wall was performed to
investigate the effects of the surface roughness on the flow
characteristics. Although the logarithmic layer in the mean
velocity profile for the C-type is elongated through channel
centerline compared to that in a pure Poiseuille flow, the wall-
normal extent of the logarithmic layer for the CR-type is
significantly shortened. For the Reynold stress profiles in the
outer layer, the magnitude is decreased for the CR-type compared
to the C-type. The temporally averaged u-structures revealed that
the decrease of the Reynolds stresses in the outer region for the
CR-type is attributed to the weakening effects of the large-scale
features. In order to examine a possible cause for the weakened
large-scale activity near the centerline, the spanwise energy
spectra of the streamwise velocity fluctuations were analyzed.

The results showed that although a secondary outer peak is
observed near the centerline for the C- and CR-types, the
suppression of the growth of the u-structure on the top wall leads
to the weakened roll-cell mode, and thus the decreased Reynolds
stresses.
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