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Three-dimensional turbulent flow over cube-obstacles*
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In order to investigate the influence of surface roughness on turbulent flow and examine the wall-similarity hypoth-
esis of Townsend, three-dimensional numerical study of turbulent channel flow over smooth and cube-rough walls with
different roughness height has been carried out by using large eddy simulation (LES) coupled with immersed boundary
method (IBM). The effects of surface roughness array on mean and fluctuating velocity profiles, Reynolds shear stress, and
typical coherent structures such as quasi-streamwise vortices (QSV) in turbulent channel flow are obtained. The significant
influences on turbulent fluctuations and structures are observed in roughness sub-layer (five times of roughness height).
However, no dramatic modification of the log-law of the mean flow velocity and turbulence fluctuations can be found by
surface cube roughness in the outer layer. Therefore, the results support the wall-similarity hypothesis. Moreover, the von
Karman constant decreases with the increase of roughness height in the present simulation results. Besides, the larger size
of QSV and more intense ejections are induced by the roughness elements, which is crucial for heat and mass transfer

enhancement.
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1. Introduction

Surface roughness elements such as ribs or cubes are
widely adopted to enhance flow mixing and heat transfer in
engineering applications, because they can significantly mod-
ify flow properties and turbulent structures.!!=>! The influence
of surface roughness on flow is foundational and essential for
further heat and mass transfer. Therefore, it is important to
investigate the mechanism of turbulent flow over a rough sur-
face.

However, it has been a controversial issue about the
influence region of surface roughness on turbulent flow.
Townsend’s wall-similarity hypothesis!® states that the effects
of surface roughness on turbulent motions are only limited
in the roughness sub-layer, which is about five times of the
roughness height; in the outer layer the mean flows and turbu-
lent fluctuations are similar for smooth and rough wall cases.
This hypothesis is supported by a number of studies such as
Orlandi et al.,I”-8! Flack er al.,[9] Wu and Christensen, 19 and
Castro.!'!l On the contrary, there are also several experimen-
tal and numerical results contradicting the wall-similarity hy-
pothesis. It has been found that the outer flow is also affected
by surface roughness, such as Krogstad and Antonial'?! for
rod roughness, Lee and Sung!'3! for rod and cube roughness,
and Volino et al.!" for rod roughness. Moreover, the velocity
gradient in the overlap region leads to a logarithmic velocity
profile, expressed by!!3]

Ut =x"'Iny" +B, (1)

where x is the von Karman constant and B is the additive in-
terceptat y" = 1. k¥ = 0.41 and B = 5.0 have been widely used
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for all the wall-bounded flows. However, some experimental
results in the atmospheric surface layer!!>~!7) showed that x
is not universal and decreases with the increase of roughness
Reynolds number (Re. = u-yp/v, where u is friction velocity
and yo is defined such that U (y) = 0 at y = yg). This was con-
tradicted by the latter measurement in the atmospheric surface
layer.!'8] Recently, Nagib and Chauhan!!"! suggested that « is
different in boundary layer, pipes, and channels. Leonardi et
al.'?>21] found that K varies in ribbed- and cubic-channel flow
by direct numerical simulation (DNS) study. It was also found
that « is changed in open-channel flows with bed-load.?%23]
Therefore, the influences of surface roughness on turbulent
flow have been insufficiently understood and need to be fur-

ther investigated.

As for the research methods, it has been quite challeng-
ing to measure accurately near-wall in experiments, as the flow

x.[24] Therefore, numerical

over rough surface is very comple
methods such as DNS and large eddy simulation (LES) are
employed in most of the research. Leonardi et al.’>! com-
pared DNS and LES methods coupled with immersed bound-
ary method (IBM) to study turbulent channel flow over ribbed-
rough wall, and found that DNS and LES can both resolve

such rough-wall turbulence very well.

To investigate the influences of surface cube roughness on
turbulent velocity profiles as well as coherent structures, here
we adopt LES together with IBM to simulate turbulent channel
flow over a cube-rough wall. Meanwhile, the wall-similarity
hypothesis is further examined for different roughness height.
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2. Simulation method

The computational channel with surface cubes is shown
in Fig. 1. The channel size is 64 x 2h X 3k in the x,y, and z
directions, respectively. The criterion of the minimal channel
width is that it should be wide enough to contain an ejection
and its associated sweep. According to Refs. [26] and [27],
the size of 6/ x 2h x 3h is sufficient for investigating the turbu-
lent channel flow. For the rough wall cases, three-dimensional
cube array is arranged on the bottom wall of the channel with
equal streamwise and spanwise spacing, while the upper chan-
nel wall is smooth. The calculation cases in detail are shown in
Table 1. The roughness height is 0.05k, 0.1k, or 0.15A, respec-
tively. The length and width of the roughness are both 0.375A.
The roughness spacings w are also 0.375h in the streamwise
and spanwise directions for all the rough wall cases.

Table 1. Computational cases.

Average roughness Roughness height Roughness
Case No. ’ . . .
height k/h in wall units K spacing w/h
A 0 0 0
B 0.05 9 0.375
C 0.1 18 0.375
D 0.15 27 0.375

Fig. 1. Schematic diagram of a channel flow with cube-roughed wall.

The friction velocity u. is determined by the wall shear
stress Ty and the fluid density p, calculated by

Tw/P- 2

Ur =

For rough-channel flow cases, the wall shear stress on the
rough wall 7y, is different from that on the smooth wall Tys. In
this study, the flow is driven by a constant pressure drop AP.
Therefore, the driven force is balanced with the sum of smooth
and rough wall shear stresses, that is

dpP
Twr + Tws = o -2h. 3)

On the top wall (smooth), the wall shear stress Ty can be cal-

culated as q
£ ) 4)
dy y=2h

With Egs. (3) and (4), the wall shear stress of bottom rough
wall Ty, can be calculated as

Tws =

Twr = —— * 21 — Tys. (5)
dx

Then the friction velocity for the top wall us and that for the
bottom wall u; can be computed by the Eq. (2) with their re-
spective wall shear stress.

For rough-channel flow case, the friction Reynolds num-
ber is defined by the global mean friction velocity u,, which
is calculated from pressure gradient dP/dx. The friction
Reynolds number is computed by

Ut Tw h
Reem T [T
) pv

which is 180 in the study. Therefore the roughness height k™
is 9, 18, and 27 in wall units.

LES coupled with IBM are used to simulate the channel
flow with cube surface roughness. The governing equations
after a classical box filter are written as

h dP h

Sy ©6)

ol .

Txi—(), 7
alii J . ap 1 82ﬁ,~ 81:,~j

B o ) = = e Ot R vy, o, T ®

where ii; is the velocity component, p is pressure, f; is the mo-
mentum forcing defined at the roughness element faces inside
the body. &;; is the constant pressure drop to drive the chan-
nel flow, which is 1 in the streamwise direction and O in the
spanwise and wall-normal directions. 7;; is the sub-grid-scale
stress, which is approximated by the eddy viscosity hypothesis

- 1
T;j = —2UTS;j + g‘sijfkk- )
The eddy viscosity pt and strain rate tensor S; ; are defined as
pr = pCsgsA? 15|, (10)
_ 1 /di; dij
Sij=={=— L, 11
J 2<8xj+8x,-> ( )

where Csgs is an empirical constant and taken as 0.1 here. For
the channel flow, a damping function f; = 1 —exp(—y*/25)
is applied to Eq. (10), because the Smagorinsky model has
overlarge dissipation predictions near the wall and the viscos-
ity must be zero at the wall. This damping function was also
applied in Ref. [28] for rough wall flows.

Equations (7) and (8) are solved using a fractional step
method by Chorin et al.'>”! The viscous term is discretized
by second-order central scheme and the advection term is
discretized using second-order hybrid scheme. The momen-
tum equations are integrated explicitly using the third-order
Runge—Kutta algorithm. The pressure Poisson equation is
solved by means of Fourier series expansions in the stream-
wise and spanwise directions with tridiagonal matrix inver-
sion.

The roughness elements are identified by IBM, which is
first proposed by Peskin.[3"! In the present study, the direct
discrete forcing approach of IBM! is adopted to model the
surface roughness. To ensure the non-slip boundary condition
on the solid wall of the surface roughness, the direct forcing f;
is imposed in the momentum equation, that is

Mﬂ+1 _n

u”
Sl = RHS+ i (12)
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where u and ™! are the velocities for time step 7 and the
next time step n+ 1, RHS; contains advection term, pressure
gradient term, and diffusion term. f; is obtained by

yrtl_yn
f_: —RHS,+ : I; l, on Q, (13)
1

0, elsewhere,

where Vi"H is obtained by using interpolation method at the
roughness element surfaces 2. f; is zero for the non-solid re-
gion. The detailed description of the direct discrete forcing
approach of IBM can be found in Ref. [30].

Periodic boundary conditions are applied in the stream-
wise and spanwise directions. At the initial time, the parabolic
velocity distribution overlaid random velocity fluctuation are
imposed in the inlet of the channel, and then the flow develops
to turbulence state with the computational time. To calculate
the rough wall cases, 1.04 million staggered grids are used in
total, shown in Fig. 2(a). The grids are uniform in the stream-
wise and spanwise directions, while grid points are clustered
near-wall in the wall-normal direction using a hyperbolic tan-
gent function. Figure 2(b) displays the enlarged view of near-
wall grids.

X

Fig. 2. (color online) The computational grids for turbulent channel flow
with rough wall. (a) The whole computational domain in XY plane.
(b) The near-wall region.

In the wall-normal direction, the roughness heights are
9, 18, and 27, respectively. The first grid spacing around
the roughness elements Ay;in = 0.49 in wall units, and the
maximum grid spacing on the crest of the roughness elements
Ayt =4.5. Thus there are 8, 15, and 20 grids in the wall-
normal direction for the three rough wall cases, respectively.
In the streamwise and spanwise directions, the grids are uni-
form and Ax* = Az" = 8.4 in wall units. The length and width
of the roughness are both 0.375h. Therefore, there are 8 grids
in the streamwise and spanwise directions for roughness ele-
ments. The Kolmogorov scale of turbulent channel flow at the
present Reynolds number is about 2 wall units.!*?! Thus the
present grid space never exceeds 5 times of the Kolmogorov
scale around the roughness elements. Therefore, the grid res-
olution is fine enough for LES.

When the computation sustains several flow periods from
the initial condition, the turbulent flow will become fully de-
veloped. In the practical simulation, we monitored the dimen-
sionless instantaneous velocity at the channel center versus di-
mensionless computational time, as shown in Fig. 3. If the
dimensionless instantaneous velocity curve is fully stable over
time, it indicates that the calculated turbulent flow has been
fully developed. The mean velocity and velocity fluctuation
statistics are conducted after more than 100 channel flow peri-
ods of velocity convergence, when the turbulent flow velocity
and the Reynolds stress already reach the steady state.
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Fig. 3. (color online) Dimensionless instantaneous velocity at the chan-
nel center with time.

To verify the present codes of LES and IBM, the mean
and fluctuating velocity profiles for turbulent channel flow
over smooth and rough walls are compared with literature data,
shown in Figs. 4 and 5. For smooth wall case, the results for
both mean and fluctuating velocity profiles agree very well
with DNS data by Kim et al.'*?! For rough wall case, turbu-
lent channel flow over ribbed surface is calculated according
to the experimental case by Burattini ez al. 33!

The grid independent check was conducted as part of val-
idation, shown in Fig. 5. The grid numbers are 64 x 64 x 64
and 128 x 128 x 64. The grid spacings of coarse mesh near the
rough wall are Ax" = 16.8, Az = 8.4, Ay} = 0.95 near the
wall and Ay . = 11.42 at the center of the channel. For the
fine mesh, the grid spacings near the rough wall are Ax™ = 8.4,
Azt =84, Ay} =0.49 and Ay}, = 4.5. From Fig. 5, it can
be found that there are some differences both on the mean and
fluctuating velocities between the numerical results of coarse
mesh and experimental data, while the results of the fine mesh
are in good agreement with the experimental data. This indi-
cates that the present fine grids can resolve turbulent channel
flow with rough walls very well. More details about the flow
configuration of the ribbed-wall flow can be found in Ref. [33].
Therefore, the present codes are able to solve accurately tur-
bulent channel flow both for smooth and rough walls.
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Fig. 4. (color online) Velocity statistic profiles of turbulent channel flow
over smooth wall. (a) The mean streamwise velocities. (b) The fluctu-
ating velocities.
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Fig. 5. (color online) Velocity statistic profiles of turbulent channel flow
over ribbed-rough wall. (a) The mean streamwise velocities. (b) The
fluctuating velocities.

3. Results and discussion
3.1. Turbulent velocity profiles

The mean velocity profiles of turbulent flows over smooth
and rough walls are shown in Fig. 6. For rough wall cases,
the friction velocities are different on the top (smooth) wall
from the value on the bottom (rough) wall. Thus in Figs. 6-9,
the velocity and stress profiles are normalized by u. for the
smooth wall cases and by u., for the rough wall cases. These
normalizations are also consistent with Ref. [33].

It can be seen that the mean velocities for the rough wall
cases are all decreased compared with the smooth wall case
for the extra form drag induced by the roughness elements.
Moreover, the mean velocity is decreased with the increase of
the roughness height, because higher roughness elements will
produce more form drag.

For the smooth-wall flow, a perfect logarithmic velocity
distribution can be observed in Fig. 6, and can be expressed
as Eq. (1), where k¥ = 0.41 and B = 5.0. For the rough-wall
flows, there are still logarithmic regions for the mean velocity
profiles. This indicates that the log-law of the wall is not de-
stroyed by surface cube array with different roughness height.
Further, the velocity distribution in the logarithmic region for
the rough wall cases can be expressed as

Ut =x"'Iny"+B—AU", (14)

where AU™ is called the roughness function representing the
increase of flow drag induced by roughness. It is equal to O for
smooth wall case A and is 0.6, 1.7, and 2.5 for the rough wall
cases B, C, and D, respectively. Therefore, it can be concluded
that the roughness function AU increases obviously with the
roughness height.

20

——smooth wall .
——rough wall kT =9

—e—rough wall k¥ =18
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Fig. 6. (color online) Mean velocity profiles for smooth and rough wall
cases.

Moreover, it can be found that the slopes of the mean ve-
locity profiles in the logarithmic region are significantly dif-
ferent between smooth wall and rough wall cases. The slope
is increased with the increase of roughness height k™, which
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means that the von Karman constant decreases with the in-
crease of roughness height. That is consistent with Ref. [21].
As the surface cubes probably modify the turbulent coherent
structures in the wall-bounded flow, the balance between the
production and dissipation of turbulent kinetic energy is bro-
ken in the rough-wall channel flow. This may cause the vari-
ation of von Karman constant.?!! Therefore, the present LES
results support that the von Karman constant is decreased in
the rough-wall channel flows, at least in the cases of this study.

The defect profiles of mean velocities for rough-wall
channel flows are shown in Fig. 7. It can be seen that the mean
velocity profiles for rough-wall flows are defective in the inner
layer compared with the smooth wall case. This tendency be-
comes more significant with the increase of roughness height
k™. In the outer layer, the differences on the mean velocity
profiles between the rough wall and smooth wall cases are
relatively small. It can be concluded that the mean velocity
profile is similar in the outer layer for smooth and rough wall

cases.
20
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Fig. 7. (color online) Defect profiles of the mean velocity for rough-
wall channel flows.

The fluctuating velocity profiles of turbulent flows over
smooth and rough walls are shown in Fig. 8. The critical posi-
tions between roughness sub-layer and outer layer for the three
rough-wall cases are marked out. It can be observed that the
streamwise fluctuating velocity is obviously decreased while
the spanwise and wall-normal fluctuating velocities are signif-
icantly increased by the surface cube array in roughness sub-
layer (y < 5k). These influences are highly associated with
the modification of turbulent structures by surface roughness
near the wall, which will be discussed later. Nevertheless, the
turbulent fluctuating velocities are almost not affected by sur-
face roughness in the outer layer (y > 5k) for the rough wall
cases B and C, compared with the smooth wall case. For the
rough wall case D, it seems that the turbulent fluctuations are
influenced by surface roughness in even half of the channel
shown in Figs. 8(a)-8(c). However, noting that the roughness
height for case D is as high as k = 0.2h, the roughness sub-
layer of case D is thus very thick to the center of the channel
(y < h). It can be seen that the values of fluctuating veloci-
ties for case D return yet to approximate those for smooth wall

case at y = h. This indicates that the wall-similarity hypothe-
sis still holds even for high roughness. In consequence, these
results support the wall-similarity hypothesis of Townsend for
cube-rough wall flows.
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Fig. 8. (color online) Fluctuating velocity profiles for smooth and rough
wall cases (a) Streamwise fluctuating velocities, (b) wall-normal fluctu-
ating velocities, and (c) spanwise fluctuating velocities.

The distributions of Reynolds shear stresses utvt for
smooth and rough walls are shown in Fig. 9. In the roughness
sub-layer (y < 5k), the Reynolds shear stress is significantly
increased with the increase of roughness height. As Reynolds
shear stress represents the mean momentum flux due to the
fluctuating velocity, larger shear stress indicates that more in-
tense momentum transport and the exchange are induced by
surface roughness. However, the Reynolds shear stresses in
the outer layer (y > 5k) are also not affected dramatically by
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surface roughness for all the rough wall cases, which is sim-
ilar to the case of the velocity fluctuations. It proves again
that the Townsend’s wall-similarity hypothesis holds for the
present surface roughness.

1.0 ~ smooth wall —«—rough wall kT=9
~<*—rough wall k¥ =18 ——rough wall kT =27
081 Neid i i
o |
0.6F ; SR
+p E Y
g | R
0.4 : A NN
0.2 i i i
ty =5k, iy =5k, by =5k
' ' ' N
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

y/h
Fig. 9. (color online) Reynolds shear stresses for smooth and rough wall
cases.

3.2. Coherent structures

Quasi-streamwise vortices (QSV) are typical coherent
structures near the wall, which are highly associated with tur-
bulent production and energy transport in boundary layer. To
investigate the influence of the surface roughness array on
QSYV, instantaneous streamwise vorticity @, is visualized nu-
merically in the X-Y plane at Z = 1.5 for smooth and rough
walls, shown in Fig. 10. Moreover, time- and streamwise-
averaged QSV (w,) for smooth and rough wall cases are ob-
tained to investigate the effects of surface roughness on the

spatio-temporal averaged QSV, as shown in Fig. 11. The
streamwise vorticity @, is defined as

P
Y9y 97

Fig. 10. (color online) Instantaneous QSV (wy) in the X-Y plane at
Z = 1.5 for smooth wall case (a) and rough wall cases with k* =9 (b),
kT =18 (c), and k* =27 (d).

Fig. 11. (color online) Time- and streamwise-averaged QSV (@,) for smooth wall case (a) and rough wall cases with k™ =9 (b),

k* =18 (c), and kT =27 (d).
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In Figs. 10 and 11, the red and blue patterns in the near-
wall regions represent the QSV pairs. The colors in the figures
represent the magnitude of the vorticity. Large-scale QSV can
also be observed for smooth and rough wall cases. This in-
dicates that near-wall instantaneous QSV still exist above the
roughness array. However, there is significant difference be-
tween smooth and rough wall cases. The generation positions,
the sizes and the quantities of QSV are all modified by the
roughness array. Compared with the smooth wall case, more
intense and larger number of QSV pairs can be found for rough
wall cases. Moreover, more intense ejection motions are in-
duced from the cavities of the roughness array by larger size
of QSV. The strength of ejection motion above the roughness
array is also increased with the increase of roughness height.
This is because that the turbulent kinetic energy is transported
from the streamwise direction to the spanwise and wall-normal
directions. This will enhance turbulent velocity fluctuations
and momentum transport in wall-normal and spanwise direc-
tions. It is in agreement with the results in Fig. 7. Therefore,
the turbulence is modified to be more isotropic by the intro-
duction of the roughness array.

4. Conclusion

Numerical simulations of turbulent channel flows over
smooth and cube-rough walls are investigated by LES coupled
with IBM. The simulation results are in good agreement with
the literature results, including mean and fluctuating velocity
profiles. Although the flow drag is significantly increased by
the surface cube array, the logarithmic regions of mean veloc-
ity profiles still exist for rough wall cases, which is similar
with that for smooth wall case. Compared with smooth-wall
flow, the streamwise velocity fluctuation is decreased while
the spanwise and wall-normal velocity fluctuations are in-
creased by roughness array in the roughness sub-layer (y<5k).
However, there are no obvious influences in the outer layer
(y>5k) for the three roughness height. Therefore, the present
study supports the Townsend’s wall-similarity hypothesis. The
larger size of QSV are observed above the roughness elements
compared with smooth wall case, which induced more intense
ejections to enhance spanwise and wall-normal turbulent fluc-
tuations. The balance between the production and dissipation
of turbulent kinetic energy is broken in the rough-wall channel
flow. This may cause the variation of von Karman constant. It
is worthwhile for future researchers to keep an eye on the von
Karman constant value in rough-wall turbulent flow.

In consequence, the influence region of surface rough-
ness on turbulent flow is associated greatly with the rough-
ness height. Larger effect region and stronger enhancement
of heat and mass transfer can be produced by higher surface
roughness, while more flow drag is also induced at the same
time. Therefore, it is important to design the surface roughness
height according to the actual requirement of the engineering
application.
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