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Abstract

This article is a sequel to the recent paper by Ashrafian et al. [Ashrafian, A., Andersson, H.I., Manhart, M., 2004. DNS of tur-
bulent flow in a rod-roughened channel, International Journal of Heat and Fluid Flow 25, 373-383] on direct numerical simulation
of a turbulent flow in a rod-roughened channel. Higher-order statistics are compared and the effects of surface roughness on the
relatively large scales of the turbulent flow are investigated. It is observed that roughness tends to increase the intensity of the vor-
ticity fluctuations in the roughness sublayer. In the outer layer, however, the r.m.s. of the vorticity fluctuations are unaffected. The
Reynolds stress anisotropy invariant maps for the smooth and rough cases clearly showed that the states of near-wall turbulence for
the two cases were substantially different whereas in the regions away from the wall the two cases exhibited close similarities. Dif-
ferences in the turbulent transport process between the two cases were shown through examination of the third-order moments of
the velocity fluctuations and the turbulent kinetic energy budgets. It was observed that wall-ward transport of the kinetic energy is
substantially increased very close to the wall while the away-from-the-wall transport of kinetic energy is relatively reduced at the
edge of the roughness sublayer. The length scales and flow dynamics in the roughness sublayer were also investigated. It was found
that turbulence statistics and structure outside the roughness sublayer are hardly affected by the condition at the walls. These obser-
vations lent support to the classical wall similarity hypothesis.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

In wall turbulence, the no-slip condition induces a
strong anisotropy of the flow field and leads to a
mean-velocity gradient which, through the direct inter-
action with the turbulent momentum flux, provides the
continuous source of turbulent Kinetic energy necessary
to maintain turbulence in the core of the flow (Jiménez
and Pinelli, 1999). The action of wall roughness can be
interpreted as an external forcing directly injecting
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turbulent energy in the flow field (Jiménez, 1999).
Sufficiently high roughness elements destroy the autono-
mous cycle of turbulent kinetic energy production. In-
stead, some disrupted and unorganized structures take
over the role of generating turbulence at the wall. That
the conditions at a solid wall can globally determine
the characteristics of turbulence is a possibility which
may not be ignored. This is indeed opposite to Town-
send’s classical similarity hypothesis which assumes that
“the turbulent flow in the outer layer is unlikely to be
affected by the exact nature of the roughness and, as
with a smooth wall, it will be determined only by the
friction Reynolds number” (Townsend, 1976).

In the study of rough-wall boundary-layers, the clas-
sical theory has received substantial support through the
experiments of Grass (1971) and Grass et al. (1993), the
investigation of Perry et al. (1987), the comprehensive
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review of Raupach et al. (1991), the particle image veloc-
imetry (PIV) investigations of Nakagawa and Hanratty
(2003) and by the experiments of Schultz (2000). How-
ever, studies of Krogstad et al. (1992), Krogstad and
Antonia (1999), Djenidi et al. (1999) and Smalley et al.
(2002) showed that the large-scale organized structures
present several structural differences between smooth-
and rough-wall boundary-layers. The large-scale mo-
tions seem to be closer to isotropy and the coherent
structures, that are the main source of Reynolds
shear stress, appear to have higher average inclination
and shorter longitudinal length compared to the
smooth-wall case, cf. e.g. Krogstad and Antonia (1994).
Moreover, influence of roughness on the small-scale
turbulence in the outer layer has been observed by Shafi
and Antonia (1997) in turbulent boundary-layer flow
and by Poggi et al. (2003) in turbulent open-channel
flow. The validity of Townsend’s similarity hypothesis
was mainly questioned by these observations (Jiménez,
2004).

Experiments on the structure of turbulent rough-wall
channel flows are more scarce than those on the bound-
ary-layers (e.g., Mazouz et al., 1994, 1998; Smalley et al.,
2002). Direct simulations of turbulent channel flow with
transverse bar roughness were only recently performed
by Miyake et al. (2001), Ikeda and Durbin (2002), Leo-
nardi et al. (2003) and Nagano et al. (2004). A common
feature of all these simulations was that only one of the
channel walls was roughened while the other wall re-
mained smooth. In some of these studies the one-sided
roughness was partly motivated by the pioneering exper-
iments of Hanjalic and Launder (1972), in which only
one channel wall was purposely roughened in order to
produce an asymmetric mean flow field. The asymmetry
of the channel configuration in all these studies intro-
duced different local friction velocities (u, = \/Tw/p;
here, 1, is the wall shear stress on the rough or smooth
side and p is the fluid density) as well as different outer

layer length scales characterizing the smooth or rough
side. The symmetry of the present channel configura-
tion, however, makes the variation of the turbulence
quantities symmetric around the channel mid-plane
and the friction velocities on the two sides will be iden-
tical. These symmetry properties may serve as a valuable
check on the numerical data obtained from a rough-wall
channel flow simulation.

Implicit in the analysis of rough-wall turbulence is the
premise that the roughness height is very small com-
pared to the bulk flow dimension such that roughness
elements do not function as ‘bluff bodies’. According
to Jiménez (2004), the roughness height should not ex-
ceed 2.5% of the channel half-height in order for the
roughness elements to have no direct effect on the outer
layer flow. A common characteristic of all previous
DNS studies is that the roughness elements are relatively
high, typically between 10% and 20% of the channel
half-height, 4, i.e. the blockage effect is rather sub-
stantial.

This article is a continuation of our earlier numerical
study of pressure-driven turbulent flow in a rod-rough-
ened channel at Reynolds number based on the mean
pressure-gradient Re, = 400 (Ashrafian et al., 2004). At-
tached to both channel walls were square rods which
protruded only 0.034 of the channel half-height into
the flow and were spaced 7 rod heights (w = 7r). This
roughness configuration corresponded to the so-called
“k-type” laboratory roughness (Raupach et al., 1991).
Fig. 1 shows the flow geometry and the corresponding
coordinate system. In the view of Nikuradse’s classifica-
tion, the regime of the turbulent flow was at the upper
end of the transitionally rough region (Nikuradse,
1933). The magnitude of the bulk Reynolds number,
Re = U(2h)/v, for the rough and smooth cases were
about 8500 and 13750, respectively (here, U is the bulk
streamwise velocity, 4, is the channel half-height and v is
the kinematic viscosity of the fluid). Details about the

Fig. 1. Symmetric rod-roughened channel geometry and the configuration of the roughness elements and the coordinate system.
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grid and the numerical method are given in Ashrafian
et al. (2004). In that article, the spatially inhomogeneous
layer within which the flow is directly influenced by the
individual roughness elements (the roughness sublayer)
was carefully examined and the impact of roughness
on the mean-velocity profile and the variation of Rey-
nolds stresses outside the roughness sublayer was also
studied.

In this article, various turbulence quantities based on
the higher-order statistics are obtained from the same
DNS of turbulent flow in the rod-roughened channel
and compared to those obtained in the simulation of
Moser et al. (1999) of a turbulent flow in a smooth can-
nel at Re, = 395. Cross-stream variations midway be-
tween the rods will be extensively compared with
profiles at mid-crest of the roughness elements. Careful
comparisons with experimental data in an identical
channel configuration, but at a somewhat higher Re.,
have been provided elsewhere (Krogstad et al., 2005).
Such comparisons could only be made at the particular
streamwise location where the hotwire measurements
were made, i.e. at mid-crest of the rods.

2. Vorticity field

Vortical motions—as Kiicheman (1965) called them
the sinews and muscles of fluid motion—constitute impor-
tant features of turbulent flows both at the large energy-
producing and the small energy-dissipating scales. In
particular, it is expected that any difference in the
large-scale motion between rough and smooth-wall lay-
ers should be reflected in the vorticity statistics. Krogs-
tad and Antonia (1994) reported approximations to

the r.m.s. of vorticity fluctuations )/ in the wall-normal
and spanwise directions in their study of turbulent
boundary-layers over mesh-screen roughness (here, i
indicates the direction: x for the streamwise, y for the
wall-normal, and z for the spanwise direction). Shafi
and Antonia (1997) measured the same quantities in a
similar flow using a four-hot-wire vorticity probe in
which the effect of spatial resolution of the probe was
corrected. They observed that the vorticity variances
were slightly larger than those over a smooth wall in
the outer layer; thereby suggesting structural differences
between the two flows.

Fig. 2 shows the variation of the r.m.s. vorticity fluc-
tuations normalized by u?/v for the rough and smooth
channels. The variations are similar for both cases in
the outer layer. Away from the wall, the three compo-
nents of the fluctuating vorticity collapse and attain
the same magnitude as in the smooth channel. This indi-
cates that in the outer region, the structure of vortical
motions are about the same over the rough and smooth
walls. Near the walls, however, anisotropy arises rapidly
near the smooth wall where large-scale vortices are
dominant.

In Fig. 3, the two-dimensional distributions of three
components of the r.m.s. vorticity are shown. Here,
the bulk flow is from left to right. As it is observed from
Fig. 3(a), o, is small within the recirculating region be-
hind the rods whereas it attains a maximum just up-
stream of each rod. Contours of w, show vortical
structures that are tilted away from the wall due to the
collision with the upstream edge of the roughness ele-
ments. The streamwise vorticity is also high at the crest
of the roughness elements where it creates the maxi-
mum reduction in the streamwise Reynolds stress and

y/h

Fig. 2. Root mean square of the vorticity fluctuations in outer coordinates, normalized by u?/v. Symbols represent the rough and lines represent the
smooth-channel data (Moser et al., 1999). O, solid line: w,; A, — - — - —: w,; 00, — — - : .. Open symbols: mid-cavity data, filled symbols: mid-crest

data.
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Fig. 3. The two-dimensional distributions of the normalized r.m.s.
vorticities near the rough wall. (a) Streamwise, w,; (b), wall-normal,
,; and (c) the spanwise, w. components.

significant dissipation of turbulent kinetic energy (not
shown here). Contours of the spanwise r.m.s. vorticity
demonstrate an intense shear layer emanating from the
roughness crest into the cavity region. As it will be
shown later, the motions in this shear layer are respon-
sible for most of the production and dissipation of the
turbulent kinetic energy. The wall-normal r.m.s. vortic-
ity, w,, has a peak region at the leading edge of the
roughness elements. The attached vortices are intensified
by vortex stretching due to the high strain at the up-
stream corner of the rods. In addition to the blocking ef-
fect of the transverse rods on the two-dimensional mean
flow, this vortical motion produces the spanwise velocity
fluctuations near the rods’ leading edge.

Fig. 4 shows the iso-surfaces of the streamwise vorti-
ces in the rough and smooth channels. Here, and in the
rest of this article, the instantaneous fields for the
smooth channel are from a simulation of turbulent flow
in a smooth channel at Re, =400 (Ashrafian and
Andersson, 2006). In the smooth-wall channel, the vor-
tical streaks are elongated in the streamwise direction.
They serve as an energy source in the shear layer near
the smooth wall. In the rough-wall channel, in the
near-wall region of y < 50, w, structures are disrupted
by the rods. Further away from the rough wall, how-

ever, coherent vortical structures similar to those seen
in the smooth channel emerge. Quasi-streamwise vorti-
cal structures are created in the roughness sublayer
and lifted away from the wall at angles relatively larger
than over a smooth wall. The coherence of the vortices
spans over at least two consecutive rods in the stream-
wise direction. In the spanwise direction, however, these
vortices are completely unorganized. Roughness ele-
ments cause additional eddies to be formed, consuming
mechanical energy and resulting in a higher resistance to
the flow.

3. Local anisotropy

In the study of turbulence structures, the Reynolds
stress anisotropy has always been of interest by virtue
of several reasons. One practical advantage of perusing
the Reynolds stress anisotropy tensor is that the prob-
lem of having to determine the friction velocity, which
matters in experiments, is avoided. Secondly, the Rey-
nolds stress anisotropy is important in the context of
developing turbulence models, and finally, it provides
useful data in determining the sensitivity of the turbu-
lence structure to different conditions at the wall.

The normalized Reynolds stress anisotropy tensor

provides a measure of local anisotropy in terms of
Reynolds stresses. Here, (¢%) = (uus) and 6; is the
Kronecker delta. The indices i, j are 1, 2, 3 for the stream-
wise, wall-normal and spanwise directions, respectively.
A summation is understood for repeated indices. b;; is a
symmetric and traceless tensor, bounded by -1/
3< by < 2/3 and equal to zero for isotropic turbulence.

Previous anisotropy investigations in boundary-layer
flow over rough and smooth walls (Shafi and Antonia,
1995; Djenidi et al.,, 1999; Antonia and Krogstad,
2001; Mazouz et al., 1998) have revealed that compared
to that in the smooth case, the anisotropy in the rough
wall boundary-layer is reduced throughout the layer.
Data also reflected the ability of the roughness to dis-
tribute the turbulent energy more evenly among the
three velocity fluctuations. Mazouz et al. (1998) mea-
sured the turbulence intensities in a smooth and rough
channel roughened by k-type rod roughness. Their data
indicated that wall roughness increases the magnitude of
the wall-normal component b,, across the whole chan-
nel. Data of Shafi and Antonia (1995) for a rough-wall
turbulent boundary-layer exhibited the opposite trend
of the roughness effect on by,. Smalley et al. (2002)
examined several data sets from previous rough-wall
boundary-layer experiments. Among these was that of
Krogstad and Antonia (1999) for a rough-wall bound-
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Fig. 4. Iso-surfaces of the streamwise component of the normalized vorticity fluctuations in the (a), rough and (b), smooth channel. The flow
direction is rightward. Tick marks on each axis are 50 wall units apart. Black and gray represent positive and negative values, respectively. The iso-
surfaces correspond to w, = £0.25|®,|max in both figures where |, |max is the maximum magnitude of the vorticity in each case.

ary-layer on two-dimensional rods with height of only
1.6 mm and pitch-to-height ratio of 4 at a Reynolds
number of Rey = 4806. Smalley et al. (2002) also inves-
tigated the DNS data of a turbulent flow at Re, = 180
in a straight channel with one smooth and one rough
side, roughened by relatively large two-dimensional rods
with heights equal to one-tenth of the channel half-
height and pitch-to-height ratio equal to 2 and 5 (d-
and k-type, respectively). They observed, inter alia, that
the magnitude of the diagonal components of b;; are all
reduced over the k-type rod roughness in almost the en-
tire layer for both boundary-layer and channel flows.
They also observed that the state of turbulence within
the cavity region between two roughness elements is
very different from that observed in the near-wall region
of a canonical turbulent channel flow.

The variation of b;; in the smooth and rough channels
is shown in Fig. 5 in wall coordinates. As can be seen
from the b;; distribution, strong anisotropy arises in
by, through the near-wall behavior of (¥?) on the
smooth wall. Near the rough wall, the anisotropy is re-
duced within the roughness sublayer but remained un-
changed further out. The so-called structure parameter
—b1» (Townsend, 1961) is constant and close to 0.15 in
the logarithmic layer both in the rough and smooth
channel.

Lumley (1978) proposed a more convenient method
for comparing the overall anisotropy. He employed
the second (I1;) and third (/11,) principal invariants of
the Reynolds stress anisotropy tensor (the first invari-
ant, I, = b;;, 1s zero). A cross plot of —I1I;, versus III,
forms an anisotropic invariant map (AIM) where the
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10

Fig. 5. Components of the Reynolds stress anisotropy tensor. Open and filled symbols represent the rough-channel data at mid-cavity and mid-crest
streamwise cross sections, respectively. Lines represent the smooth-channel data (Moser et al., 1999).

second invariant (always negative), II,, represents the
degree of the anisotropy, and III;, indicates the nature
of the anisotropy. For a two-dimensional channel flow,
—1II, and 111}, can be simplified to —1I, = b§3 — b11byn +
bfz and I, = b§3 + bys1I,. Fig. 6 shows the AIMs ob-
tained from the smooth-wall and the rough-wall ;; data,
together with the AIM boundaries. All possible states of
turbulence occur within the bounds of the AIM. The
map therefore, clearly highlights any possible changes
to the state of turbulence in different regions of the flow.

In case of the rough-wall channel, two AIMs are plotted
in the figure, corresponding to two streamwise cross sec-
tions: mid-cavity and mid-crest.

For three-dimensional isotropic turbulence —II, and
111, are zero. The left and right curved boundaries of
the AIM are defined by 4 = 1711,(~11,/3)** in which
the parameter A indicates the two types of axisymmetric
turbulence, i.e., the “disk-like” (4= —1) and the
“rod-like” (4 = 1) turbulence. These two types of axi-
symmetric turbulence correspond to cases in which the

ITT

Fig. 6. The anisotropy invariant map for the rough and the smooth cases. Solid line with circles: smooth-channel data (Moser et al., 1999). Dashed
line with triangles: rough-wall data from the mid-cavity cross section. Dotted line with filled square: rough-wall data from the mid-crest cross section.

The inset represents the variation of parameter A.
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magnitude of one diagonal component of the Reynolds
stress tensor is much smaller (disk-like) or much greater
(rod-like) than the two other components which are
identical. The upper straight boundary is defined by
the line 0 = 1 + 911, + 27111, and represents a two-com-
ponent state of turbulence.

In Fig. 6, the AIM curve of the smooth-channel DNS
data starts from the two-component turbulence limit, as
the wall-normal Reynolds stress is forced to zero be-
cause of the impermeability condition at the solid wall.
The curve reaches a maximum of both —II, and III,
at y* ~ 8 (indicated on the map) where (1?) is the largest
of normal stress components. This corresponds to the
region of maximum stress anisotropy in the near-wall re-
gion. Within the inner region of the smooth-wall layer
(5 <y" <50), (u?) > (v*) and (w?) > (v%), and the curve
follows the right boundary which is the rod-like turbu-
lence limit. The vortical structures near the edge of the
viscous sublayer are extended in the streamwise direc-
tion and resemble a rod-like turbulence. In the rough
wall case, for the mid-cavity cross section, the curve
starts from a limit of two-component turbulence and,
quite opposite to the smooth-wall case, it proceeds to-
wards the limit of the disk-like turbulence within the
cavity region. This can also be seen from the inset of
Fig. 6 where the function 4 is plotted versus y*. Outside
the cavity region, the turbulence rapidly approaches to
the rod-like state, similar to that of the smooth-wall tur-
bulence, as the curve approaches the right boundary
(v" ~ 17). The reduced maximum values of —II, and
111, indicate reduction of anisotropy due to the rough-
ness. The curve collapses to that of the smooth channel
in the outer layer region. This is yet another indication
of similarity in the outer layer turbulence. Even the data
at mid-crest rapidly collapses to the smooth-channel

curve without having an extended branch along the right
boundary. This observation is most likely associated
with the local truncation of streamwise streaks by the
crest of the roughness elements.

Another measure of the overall anisotropy of the
Reynolds stress tensor is given by the anisotropy func-
tion F=1+4 911+ 27111 (Lumley, 1978), which quanti-
fies the approach to either two-dimensional turbulence
(F=0) or a three-dimensional isotropic state (F=1).
Fig. 7 shows this function for the rough channel, com-
pared with the DNS smooth-channel data. The figure
is plotted using inner scaling. The maximum value of
F occurs at the channel center, where F = 0.94 for the
smooth and F=0.92 for the rough case. A range of
almost constant F is observed in the interval
50 < y* <250, thereby indicating similarity in the log-
law region of the layers over the two surfaces. The
rough-wall profile of F at the mid-cavity cross section
departs from that of the smooth case about y* = 20.
The degree of anisotropy is significantly reduced near
and within the cavity region. The profile of F at the
mid-crest cross section crosses the smooth-channel curve
at y"~20. The turbulence above the crest (i.e.
20 <y < 30) is thus closer to isotropy than that near
a smooth wall. This qualitative difference vanishes out-
side the roughness sublayer.

The present data indicate that the rod roughness in the
channel significantly reduces the anisotropy of turbu-
lence structures within the roughness sublayer whereas
that of the large-scale structures in the outer layer re-
mains unaffected by the roughness. This observation is
rather different from the findings of Krogstad and Anto-
nia (1994) and Shafi and Antonia (1995) in a turbulent
boundary-layer on rough walls suggesting a reduction
in anisotropy across the whole boundary-layer thickness.

F=1, isotropic turbulence —4 :

27III+9II+1

F=

r Fi=0,i tho-]:c}nﬁbonents tuirbuleri\ce
H H HE | H H

2

10

Fig. 7. The invariant F. Open and filled symbols represent the rough-channel data at the mid-cavity and mid-crest streamwise cross sections,
respectively. The line represents the smooth-channel data (Moser et al., 1999).
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4. Turbulent transport process

The validity of Townsend’s similarity hypothesis de-
mands that all the moments of the velocity fluctuations
ought to have similar variations in the outer layer. Due
to their higher degree of nonlinearity, third-order veloc-
ity moments are more sensitive to changes in the struc-
ture of turbulence. Smalley et al. (1998) measured the
distribution of third-order moments of the velocity fluc-
tuations in a boundary-layer over a wall roughened by
two-dimensional circular rods with 4 mm in diameter,
operating at Rey =4810 and observed distinct differ-
ences below y/6 ~ 0.6 where ¢ is the boundary-layer
thickness. They observed differences not only between
the rod-roughened wall and the smooth wall, but also
between the rod-roughened wall and other rough walls,
viz., a wire mesh and sand grain roughness. The charac-
teristic loss of turbulent kinetic energy (hereinafter de-
noted TKE) by diffusion exhibited in the wall region
over most rough surfaces contrasted with the gain ob-
served over the rod-roughness. Antonia and Krogstad
(2001) also investigated a similar behavior above their
smaller roughness elements (1.6 mm diameter circular
rods at Rey=12000). They recognized that the trans-
port of turbulent energy and momentum flux is towards
the wall over the two-dimensional roughness, in contrast
with a transport away from the wall over three-dimen-
sional roughness.

In this section, we examine the skewness of the veloc-
ity fluctuations, the transport equation of the turbulent
kinetic energy and the third-order moments of velocity
fluctuations in order to detect any discernible effect of
roughness on the structure of the outer layer.

The skewness of the velocity component u; is defined
as S, = (u?)/u®* where u/ is the r.m.s. of the fluctuating
velocity u;. Fig. 8 shows the skewness of the three fluctu-
ating velocity components, viz., S,, S,, Sy. The skewness
of the spanwise fluctuations, Sy, should be zero every-
where because of the reflection symmetry of the Na-
vier-Stokes equations. The vanishingly small values of
the computed Sy, is an indication of the adequate sample
size for these higher-order statistics. The sampling of the
smooth DNS data seems, however, to be less sufficient
close to the channel mid-plane. The location of the
roughness crest and the approximate thickness of the
roughness sublayer (i.e., 5r" ~ 68) are indicated.

Outside the roughness sublayer the collapse of the
curves for the smooth- and rough-wall channels is strik-
ing. The difference in the S, curves for the rough and
smooth cases is discernible up to y* & 90, i.e. somewhat
beyond the estimated roughness sublayer thickness.
However, beyond y" =90 the collapse is evident. For
S, there is perfect collapse between the smooth- and
the rough-wall channel data beyond y* ~ 40. This col-
lapse of smooth- and rough-channel data for S, indi-
cates that the large-scale structures in the outer region
are similar in the two cases and there is no distinct dif-
ference in the wall-normal turbulence transport in the
outer layer. However, the plot clearly shows that the
structure of the large-scale wall-normal energy-carrying
motions within the roughness sublayer is strongly af-
fected by the roughness. The streamwise skewness
changes sign from negative to positive values at about
y* & 12 in the smooth case, whereas in the rough case,
the sign-change occurs at y* ~ 25. For the smooth case,
the sign change for S, occurs at about " ~ 33 and again

.
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1 |
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Fig. 8. Skewness of the components of the fluctuating velocity. Open and filled symbols represent the rough-channel data at the mid-cavity and mid-
crest streamwise cross sections, respectively. Lines represent the smooth-channel data (Moser et al., 1999). O, solid line: S,; A, ——— Sy; O, = —- =

Sy
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just about the edge of the viscous sublayer (y* ~ 5). For
the rough case and at the mid-cavity cross section the
sign change for S, occurs at y* & 40. These results imply
that strong sweep motions (# > 0, v <0) are the domi-
nant events inside the roughness sublayer region and
contribute significantly to the near-wall flow structure
over the rod roughness. The contribution of sweep mo-
tions to the turbulent shear stress is largest just above
the cavity. This is in agreement with the observation
of Grass et al. (1993) who investigated energetic inrush
events towards the wall with k-type strip roughness
and also with the results from the rough-wall bound-
ary-layer experiment of Bisceglia et al. (2001) on two-
dimensional circular rod roughness.
The transport equation for the TKE, k = 1(¢?), is

(01 + (U0 — W)k + 0, (% () + % (PW>) Sy
1)

where Py = —(uu,)0,(U;) is the local production rate,
and € = v((Qu,)?) is the viscous dissipation rate of the
TKE. The first term on the left-hand side of Eq. (1)
(hereinafter denoted by C) can be interpreted as the
net change of k£ by advection (in the lateral and stream-
wise directions) and by viscous diffusion. Since the flow
under consideration is statistically steady, 0,k = 0. The
second term on the left-hand side of Eq. (1) can be inter-
preted as the net energy gain from the lateral and
streamwise flow of energy by fluctuations of velocity
and pressure. This term (hereinafter denoted by @), is
a summation of the turbulent transport and pressure
diffusion.

73

Fig. 9 shows the different terms in the budget equa-
tion (1) in wall coordinates at the mid-cavity location
and the corresponding data for the smooth wall. All
terms are normalized by u?/v. Locations of the rough-
ness crest and the edge of the estimated roughness sub-
layer are indicated in the figure. No discernible
difference between the rough and the smooth channel
is observed in the outer layer, i.e. beyond y* ~ 68. The
dissipation rate is maximum just at the plane of the
roughness crest due to the intense shear layer emanating
from the roughness crest. The magnitude of the maxi-
mum dissipation is, however, reduced compared to that
of the smooth wall. A pronounced increase in the max-
imum production rate is observed at y* ~ 20. The peak
production in the smooth case is at y ~ 12. The differ-
ence between these two peak positions is only about half
of the rod height. Compared to the smooth case, the
magnitude of the viscous diffusion term was noticeably
smaller (not shown here). The @-term has a similar trend
as that over the smooth wall except that its magnitude is
more pronounced in the roughness sublayer than in the
smooth case. The roughness sublayer is certainly not in
an energy equilibrium state, i.e., P, # e.

Antonia and Krogstad (2001) reported that surface
roughness has a major impact on the magnitude and
direction of the turbulent transport process, i.e. the sign
of the term &y (1 (uuus)). In order to examine the rele-
vance of this observation in the present case, the variation
of the wall-normal transport of the Reynolds stresses are
shown in Fig. 10 by plotting the associated normalized
third-order moments (2°v), (v*), (w?v) and (uv?). All data
collapse sufficiently well with the smooth-channel results
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roughness

i

roughness
sublayer
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2
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Fig. 9. Normalized budget of TKE (0 = —C—® + P, — ¢) at the mid-cavity cross section. Symbols represent the rough and lines represent the
smooth-channel data (Moser et al., 1999). O, - ——— —C; O, — - —- - —=@; A, solid line: Py; V,—--—+-— —¢; - - - - -: residue of the rough-wall channel

data.
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Fig. 10. Third-order fluctuating velocity moments normalized by »>. Open and filled symbols represent the rough-channel data at the mid-cavity and
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for y* > 100, whereas there are major differences in (4°v)
and (uv?) for y* < 100. This indicates that roughness
strongly affects the transport process of the normal stress
(u?) and shear stress (uv) in the inner layers. At the plane
of roughness crests, both components show an increase in
magnitude midway between the rods. Just above the
roughness crest, however, their magnitudes are signifi-
cantly reduced.

The roughness sublayer is a non-equilibrium shear
layer where strong inhomogeneities are present, espe-
cially in the vicinity of the roughness elements (Ashra-
fian et al., 2004). Therefore, the turbulent transport
term in the TKE balance equation (1) also contains con-
tributions to the TKE transport in the wall-parallel
directions. In order to examine the effect of roughness
on the transport of TKE only in the wall-normal direc-
tion, the wall-normal TKE transport velocity, V7, is de-
fined by the ratio of the wall-normal turbulent transport
of TKE to the magnitude of TKE itself, i.e.
Vi = (vugup)/ {ueuy). Vi is a quantity with dimension of
velocity and measures the velocity with which the
TKE is transported by the turbulence either toward
(Vi <0) or away from (V. > 0) the wall.

Fig. 11 shows that this characteristic velocity is
strongly affected by the roughness in the near-wall re-
gion. The effect of roughness extends up to y* ~ 100.
However, in the outer layer the effect of roughness on
the wall-normal turbulent transport is virtually negligi-
ble. The figure also shows a substantial wall-ward trans-
port of the TKE at the mid-cavity cross section for
3" < 22, i.e. below the position of maximum production
of the TKE. On the contrary, no wall-ward transport
takes place just above the rods.

5. Turbulence structures

From the various averaged quantities presented in the
preceding sections, we showed that an equilibrium layer
(with nearly constant Reynolds stress anisotropies and
production—dissipation balance) exists only outside the
roughness sublayer and thus supports the outer-layer
similarity between the turbulence in smooth- and
rough-wall channels. Within the roughness sublayer,
however, the turbulence is less structured and in a
non-equilibrium state so that the near-wall behavior of
many flow properties are considerably changed. This
section is devoted to the study of the characteristics
associated with various instantaneous fields within the
roughness sublayer.

Fig. 12 portrays a snapshot of the instantancous TKE
in an arbitrary (x—y) plane covering a large proportion
of the flow field in the smooth and rough cases. Darker
regions are associated with greater magnitude of the tur-
bulent kinetic energy. Near the rough wall, vigorous mo-
tions are seen in the layers just above the plane of
roughness crests. Eddies are shed from the roughness
elements and convected downstream with the mean
flow. The coherence of these eddies in the streamwise
direction is disrupted by the roughness elements. Lumps
of high-speed fluid seem to interact with the roughness
elements and then break up. Large volumes of intense
velocity fluctuations are formed outside the rough-
ness sublayer and convected downstream with the mean
flow and can even reach the channel center line. The
smooth wall is relatively inactive, except near the wall
wherestreaks with considerable streamwise coherence
exist.
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Fig. 11. The wall-normal TKE transport velocity V. Open and filled symbols represent the rough-channel data at the mid-cavity and mid-crest
streamwise cross sections, respectively. The line represents the smooth-channel data (Moser et al., 1999).
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Fig. 12. The instantaneous turbulent kinetic energy in (a) the smooth (Ashrafian and Andersson, 2006) and (b) rod-roughened channels. The mean

flow direction is from left to right.

Ashrafian et al. (2004) observed that streaky struc-
tures of u-fluctuations, similar to the smooth case, also
exist over the rough wall but with significantly reduced
coherence in the streamwise direction and no obvious
spanwise coherence. The credibility of this result is fur-
ther examined here. From Section 4 we recall that above
the roughness, the TKE production reaches its maxi-
mum at y* ~ 18 whereas in the smooth case, the TKE
production peaks at y" ~ 12. Fig. 13 shows contour

plots of the wall-normal component of the fluctuating
vorticity, ,, in the xz-plane of maximum TKE produc-
tion. Compared to the smooth case, the organization of
the contours of constant w), is severely reduced near the
rough wall.

Flow visualizations of the roughness sublayer suggest
that roughness reduces the large-scale flow structure
within the roughness sublayer. In order to investigate
the effect of roughness on small-scale structures, the
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Fig. 13. Structure of instantaneous normalized w, at the plane of maximum TKE production in the smooth (y" ~ 12) and rough channel (y" ~ 18).
The mean flow direction is from left to right, and tick marks denote 50 wall units.

Taylor micro-scale is employed. The Taylor micro-scale
in the x; direction for the u; velocity fluctuation, A(u; x)),
is defined as

i( : )— ’ aui ? o
Uiy X;) = u; axj

where u} is the r.m.s. of fluctuating velocity component i
(the summation rule on the index 7 is not applied). The
Taylor micro-scale is obtained from the r.m.s. #; and
the fluctuating strain rate, du;/0x; and contains informa-
tion from the small scale turbulence. Since /4 can be re-
lated to the two-point velocity correlations (see Pope,
2000, p. 198), the various correlation lengths in the xy-
plane can also be inferred therefrom.

Figs. 14 and 15 compare the rough- and smooth-wall
distributions of Taylor micro-scales in the streamwise
and spanwise directions, respectively. Both the axes
are normalized by 8, = v/u, and the abscissa is logarith-
mic in order to emphasize the wall region. It can be ob-
served that roughness has no effects on the small scale
structures outside the roughness sublayer. In Fig. 14,
Mu; x) is substantially reduced within the roughness sub-
layer region, in accordance with the comparison of w,-
fluctuations near rough and smooth walls in Fig. 13.
The local maximum of A(u; x) near the smooth wall is
at y" ~ 5, ie., near the edge of the viscous sublayer.
Above the rough wall this local maximum has vanished
completely. In the spanwise direction, A(v; z) in Fig. 15
slightly increases within the roughness sublayer and in-

side the cavity region, whereas on top of the roughness
crest, it is significantly reduced. Figs. 14 and 15 suggest
that the correlation lengths in the streamwise direction
are significantly shortened, however, the correlation
lengths in the spanwise direction are only moderately af-
fected by the roughness. It should be noted that a Taylor
micro-scale does not directly represent a velocity corre-
lation length. However, A can reveal the differences in
length scales between the smooth- and rough-wall
layers.

6. Summary and discussions

Direct numerical simulation of a turbulent flow in a
rod-roughened channel has been performed to investi-
gate the effects of surface roughness on the statistical
features of mainly large scales of turbulence. The friction
Reynolds number, Re,, based on the mean pressure-
gradient, was 400 and the turbulent flow was in the
upper limit of the transitionally rough regime. Owing
to the symmetry of the roughened channel, results from
the present study (normalized by u,) were directly com-
pared to those obtained by Moser et al. (1999) from a
smooth-channel flow DNS at Re, = 395. Since the driv-
ing pressure-gradient was practically the same in the
smooth and the roughened channels, the bulk flow rate
is lower in the latter. The bulk Reynolds number for the
rough and smooth channels, based on the channel
height, was about 8500 and 13750, respectively.
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Fig. 14. The Taylor micro-scales in the streamwise direction. Open and filled symbols represent the rough-channel data at the mid-cavity and mid-
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Fig. 15. The Taylor micro-scales in the spanwise direction. Open and filled symbols represent the rough-channel data at the mid-cavity and mid-crest
streamwise cross sections, respectively. Lines represent the smooth-channel data (Ashrafian and Andersson, 2006). O, and solid line: /l*(u; z); O, ———
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The r.m.s. of the vorticity fluctuations were not sig-
nificantly altered in the outer layer, whereas modifica-
tions were observed within the roughness sublayer.
The snapshots of the iso-surfaces of the fluctuating vor-
ticity components revealed that the highly disrupted
vortical structures near the rough-wall region recover
rapidly in the regions away from the roughness elements
(»" > 20) and attain their coherence in form of patterns
very similar to what is seen in turbulent flow in a smooth
channel. Ashrafian et al. (2004) observed a similar
behavior of the low-speed streaks above the rough sur-

face. This implies that as long as sufficiently rapid mean
deformation or a significant Reynolds shear stress is sus-
tained, vortical structures and the associated low-speed
streaks will be formed. As strongly suggested by the
observation of streaks by Lam and Banerjee (1992) near
free-slip interfaces, the formation of streaks is indepen-
dent of the presence of the wall provided that the shear
rate is sufficiently high. The numerical experiments of
Jiménez and Pinelli (1999) have confirmed that near-wall
turbulence is maintained by a cycle which is localized in
the region 20 <y < 60. In the present case, it is likely
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that the small roughness elements (" = 13.6) have not
completely altered the ‘“autonomous cycle” of turbu-
lence generation. Therefore, vortical structures similar
to those observed near smooth walls emerged.

The investigation of the Reynolds stress anisotropy
revealed that the stress anisotropy is unaffected in the
outer layer region although the anisotropy is greatly re-
duced within the roughness sublayer. Structural differ-
ences similar to those reported by Krogstad and
Antonia (1994), Krogstad and Antonia (1999) and Shafi
and Antonia (1995) in a turbulent boundary-layer over
k-type mesh roughness were not observed in the present
rough-wall channel flow. The present results can there-
fore be added to the body of evidence that supports
the classical hypothesis of outer-layer similarity of
Townsend (1976).

In order to assess the turbulent transport process
over the rough walls, the third-order moments of the
velocity fluctuations together with the TKE transport
equation were analyzed. The perfect collapse between
the profiles of S, and S, clearly showed that the struc-
ture of large-scale energy-carrying motions are similar
at y* > 100. Some discernible differences, however, were
observed in the skewness of the u-component of the fluc-
tuating velocity as well as in the third-order moments
(u*v) and (uv®) in the interval 5r" <y <100. This
observation suggests that the thickness of the roughness
sublayer depends on which statistical quantity is used to
characterize it. For the roughness-induced inhomogene-
ity influences and effects on the Reynolds stresses, Ash-
rafian et al. (2004) and many others (see Raupach et al.,
1991) reported five times roughness height r* as a good
approximation of the roughness sublayer thickness. The
present study, however, suggests that if based on some
higher-order statistics the edge of the roughness sub-
layer may extend to about eight times the roughness
height. The third-order moments of the fluctuating
velocity components also show that the wall-normal
transport of the TKE is greatly affected by surface
roughness. Compared to that over the smooth walls,
the magnitude of the characteristic velocity with which
the TKE is transported towards the channel center is re-
duced in the region 20 < y* < 100, whereas a wall-ward
velocity transports TKE into the cavities between the
rods. The study of Taylor micro-scales outside the
roughness sublayer showed no roughness effects on
the small-scale turbulence. Within the roughness sub-
layer, however, the correlation lengths in the streamwise
direction are significantly shortened, as expected.

Much of the present results summarized above are in
agreement with previous experimental results (mainly in
boundary-layers) which suggested that outer-layer simi-
larity between smooth and rough surfaces holds (e.g.,
Raupach et al., 1991; Grass et al., 1993; Nakagawa
and Hanratty, 2003). The following factors may, how-
ever, affect the turbulence structure. The geometry of

the roughness elements (being two- or three-dimen-
sional) and their arrangement on the walls (e.g. the
roughness density) are believed to be important factors
in producing different roughness effects. The geometry
of the flow itself is another important factor. The geo-
metrical difference between channel and boundary-layer
flows, for example, may result in different roughness ef-
fects. The free-stream-boundary-layer interface is ab-
sent in the channel flow. Instead, the shear layers
along the two walls merge at the channel center line.
There is also the possibility that inner-region structures
from opposite walls do interact. This possibility, which
is more likely at low Reynolds numbers, challenges the
interpretation of results obtained in experimental and
numerical studies in which turbulent flows in asymmet-
ric channels (one wall roughened, one wall smooth) are
considered. This study aimed to address some aspects of
turbulent flow in a rod-roughened channel, but further
investigations of roughness-induced flow phenomena
are carefully needed.
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