Direct Numerical Simulation and PIV
Measurement of Turbulent Boundary Layer
over a Rod-Roughened Wall
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Abstract The effects of surface roughness on a spatially-developing turbulent
boundary layer were investigated by performing direct numerical simulation and
particle image velocimetry measurements of TBLs over rough and smooth walls.
Introduction of the roughness elements augmented turbulent stresses in the region
of y < 4 ~ 5k;, where k; is an effective sand roughness height. However, the rough-
ness has little effect on the vorticity fluctuations, turbulent kinetic energy budget and
quadratic components of Reynolds shear stress in the outer layer. We also demon-
strate the modification of coherent vortical structures over the rod-roughened wall
by using linear stochastic estimation.

1 Introduction

Turbulent boundary layers (TBLs) are observed in numerous fluid dynamic engi-
neering applications, and the characteristics of TBLs have been examined in many
experimental and numerical studies. In real engineering applications involving wall-
bounded boundary layer flow, the roughness of the wall surface is an important
design parameter because it influences characteristics such as the transport of heat,
mass and momentum. Although the effects of surface roughness on a TBL have been
examined in many experimental and numerical studies, knowledge of these effects
remains incomplete.

Townsend [1]’s Reynolds number similarity hypothesis and subsequent exten-
sions by Jimenez [2] state that outside the roughness sublayer turbulent motions
are independent of the surface roughness, and that the interaction between the inner
and outer layers is very weak at sufficiently large values of the Reynolds number
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normalized by the wall shear stress. In further support of this similarity hypothesis,
a number of studies have found that the outer layers of flows past smooth and rough
walls were similar in terms of both mean flow and turbulent statistics, consistent
with Townsend’s hypothesis for three-dimensional roughness. These studies include
the work of Shockling et al. [3] on a honed pipe, and the examination of sandpaper
and a woven mesh by Flack et al. [4]. Results from several experimental studies of
TBLs over surfaces with two-dimensional rod-roughness, however, have been con-
trary to the wall similarity hypothesis. For example, in experiments on TBLs over
woven mesh, transverse round rod roughness elements, Krogstad and Antonia [5, 6]
found that introduction of roughness caused significant changes of the turbulent
statistics not only in the roughness sublayer but also in the outer layer and that the
interaction between the inner and outer layers was non-negligible. These experi-
mental results oppose the notion that the outer layer of a TBL is insensitive to the
surface roughness, and have led to considerable uncertainty regarding the effects of
surface roughness on TBLs.

Recently, several DNS studies have been conducted to investigate the rough-
ness effects on turbulence structures for the turbulent channel flow with rough
walls because of high resolution compared to those of experimental data. Ikeda
and Durbin [7] investigated the effects of surface roughness and found that two-
dimensional rod roughness produces three-dimensional unorganized motions of
vortices. They proposed that non-periodic and irregular spanwise vortex shedding
serves as energy sources for the turbulent kinetic energy flux towards the wall sur-
face. Coceal et al. [8] investigated coherent structures in the log region by using
two-point correlations, quadrant analysis and linear stochastic estimation (LSE).
They found the presence of low-momentum regions (LMRs) and hairpin-like vor-
tices. However, since it is known that surface roughness effects are influenced by the
flow type, e.g., symmetric channel flow, asymmetric channel flow, boundary layer
and so on [9], it is needed to investigate the modification of coherent structure in the
turbulent boundary layer with rough wall.

In the present study, the interaction between the inner and outer layers induced by
rod roughness was examined through analysis of the DNS and PIV data of Lee and
Sung [10] and Lee et al. [11]. The roughness was composed of two-dimensional
spanwise rods with square cross-section that were periodically arranged in the
streamwise direction with a pitch of A/k =8 in which has a maximum value of
form drag [12]. To examine the outer-layer similarity and the scaling parame-
ters, Reynolds stresses, anisotropic tensors, velocity triple product and vorticity
fluctuations were investigated and quadrant analysis was performed. Further, to elu-
cidate the redistribution of turbulent kinetic energy, we examined the pressure-strain
tensors in the transport equations of the Reynolds stresses. Finally, two-point cor-
relations, joint weighted probability density function, linear stochastic estimation
and instantaneous flow fields were scrutinized to analyze the turbulent structures
arising from surface roughness not only in the roughness sublayer but also in the
outer layer.
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2 Results

Figures 1 and 2 show a schematic of the two-dimensional rod roughness used
in the present study. The roughness elements used are periodically arranged two-
dimensional spanwise rods, and the roughness height is &5 =0.05 and 0.025
where § is the boundary layer thickness, respectively. The Reynolds number based
on the momentum thickness is varied in the range Reg =300 ~ 1,400 and Rey =
1,000 ~ 1,500. Recently, Lee and Sung [10] first carried out direct numerical simu-
lation (DNS) of TBLs with rough and smooth walls and showed that the introduction
of the roughness elements affected the turbulent stress not only in the roughness
sublayer (y < 5k) but also in the outer layer (y > 5k). However, the roughness had

Fig. 1 Schematic of computational domain and rod roughness
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Fig. 2 Schematic of experimental arrangement and rod roughness
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only a relatively small effect on the anisotropic Reynolds stress tensor in the outer
layer. Despite of the first attempt of DNS in the rough-wall turbulent boundary layer,
the ratio of the boundary layer thickness to the roughness height (k/§) used in their
DNS study was 0.05 and this is two times larger than the criterion of Jimenez [2]
(k/6 <0.025). Because additional numerical simulation with smaller value of k/8
is computationally very expensive, Lee et al. [11] carried out experimental mea-
surements to compensate the results of DNS with sufficiently small rod roughness
(k/6 = 0.025) by using particle image velocimetry (PIV) and showed that the in-
troduction of the roughness elements augmented turbulent stresses in the region
of y <4~ 5k, where k; is an effective sand roughness height, indicating that the
effective sand roughness height is a more appropriate length scale for representing
the extent of roughness effect rather than the roughness height (k).

Furthermore, Lee and Sung [10] found that when turbulent quantities are normal-
ized by the friction velocity, rod roughness influences turbulent stresses and vertical
turbulent transport not only in the roughness sublayer but also in the outer layer.
However, they observed good wall similarity for the third-order moments and the
Reynolds anisotropic tensor without using the friction velocity. Figure 3 shows the
distributions of the r.m.s. vorticity fluctuations normalized by the friction velocity
for the rough and smooth walls in the outer coordinates. Above the region y/§ = 0.55
(y~ 11k and y ~ 2k;), the vorticity fluctuations of the rough and smooth walls col-
lapse well and attain the same magnitude. This indicates that above the roughness
region, the small-scale structures of the vortical motions are almost the same over
the rough and smooth walls. In the roughness sublayer, however, the presence of the
rod roughness causes the maximum values of the three components to be smaller
for the rough wall than for the smooth wall. These findings demonstrate that in the
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flow past a smooth wall, in which large-scale vortices dominate, anisotropy arises
rapidly and hence the vorticity fluctuations are larger in magnitude. From above
results, the wall-similarity hypothesis in the outer layer depends on which turbulent
statistics and scaling parameter are used in the analysis.

Lee and Sung [10] proposed that the increased production of turbulent kinetic
energy in the vicinity of the rough wall causes an increase in magnitude of the
turbulent Reynolds stresses, but it makes no significant contribution to the relative
magnitude to the each turbulent Reynolds stress components. To better comprehend
the redistribution of turbulent energy, the pressure-strain tensors in the Reynolds
stress budget equation is scrutinized in Fig. 4. We can observe no discernible differ-
ence in the outer coordinates between the rough and smooth walls above y/§ = 0.45
(y ~ 9k and y ~ 1.5k), indicating that the redistribution of turbulent kinetic energy
in the outer layer is similar in the smooth and rough walls. This finding supports
the conjecture of Lee and Sung [10] that rod roughness does not significantly affect
anisotropy tensors in the outer layer. Within the roughness sublayer, the turbulent
energy is redistributed from <u*?> to <v*>> and <w*?>, and the energy transfer
follows a trend similar to that observed for the smooth wall, except that its mag-
nitude is increased to a greater degree in the roughness sublayer than in the layer
adjacent to the smooth wall.

To inspect the turbulent structure in the vicinity of the rough wall, quadrant com-
ponents of Reynolds shear stress over the rough wall (Il and IV) and one over
the smooth wall are compared. Good agreement is observed in Fig. 5 between the
smooth and rough walls for both the Q2 and Q4 events above y/§ = 0.16 (y ~ 3k and
y ~ ks), which is consistent with the Reynolds anisotropic tensors. These results are
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consistent with those of Schultz and Flack [13], which showed outer layer similar-
ity for three-dimensional roughness in the form of a honed pipe by investigating the
percentage contributions from the ejection and sweep events. In the present study,
despite the use of a roughness height of §/k =20 (§/ks =3.2), good wall similar-
ity is observed for the contributions of the Q2 and Q4 events in the outer layer
for the smooth and rough walls when these variables are normalized by the local
Reynolds shear stress. However, when scaled by the friction velocity, the contribu-
tions of the Q2 and Q4 events to the Reynolds shear stress in the outer layer differ
markedly between the smooth and rough-walled systems (Fig. 6). This behavior is
similar to that found in other experiments on TBLs over rough walls. Krogstad and
Antonia [15] observed that for most of the boundary layer, the magnitudes of the Q2
and Q4 events are larger across the whole boundary layer for a woven mesh rough-
ness of roughness height §/k; = 15 than for the smooth wall. These findings indicate
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that although the magnitudes of the Q2 and Q4 events vary not only in the rough-
ness sublayer but also in the outer layer, the relative contributions from ejection
and sweep motions in the outer layer are similar for the smooth and rough-walled
systems, as was observed for the Reynolds anisotropic tensor.

The presence of rod roughness on the surface induces substantial changes in the
flow field not only within the cavities between consecutive rods, but also in a certain
layer above the crests of the rods. These effects can be attributed to the vigorous
ejection and sweep motions that occur in these systems, as observed in the quad-
rant analysis. The instantaneous flow fields within the roughness sublayer reveal
the characteristics of the turbulent structure over the rough wall. Figure 7 shows
a visualization of the vortical structures near the roughness sublayer. The Galilean
decomposition technique is applied to instantaneous velocity vectors with the ref-
erence velocity Uy= 0.4U in Fig. 9b [14]. Vortical structures are identified by a
positive value of the swirling strength A.; [ 15]. Figure 7a shows instantaneous veloc-
ity vectors (u,v) in the (x,y)-plane through the middle of the spanwise computational
domain, while Fig. 7b shows the corresponding vector field of velocity fluctuations
and iso-contours of vortical structures with the reference velocity Ur = 0.4U  in the
roughness sublayer. Kline and Robinson [16] defined a vortex as a region of con-
centrated vorticity around which the pattern of streamlines is roughly circular when
viewed in a frame moving with the centre of the vortex. Following this definition,
a pattern of nearly circular streamlines that coincides with the concentrated vor-
ticity can be discerned in Fig. 7b. The downstream regions colored light blue also

Fig. 7 Visualization of vortical structures near the roughness sublayer: (a) instantaneous velocity
vector field of (u,v) near the roughness sublayer, (b) instantaneous velocity vector field with the
reference frame velocity Uy = 0.4U o iso-contour represents the swirling strength and (c) spatial
distribution of the Q2 and Q4 events for the same instantaneous flow field. White and black regions
represent Q2 and Q4 events, respectively
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contain concentrated vorticity, but their vector pattern shows only a faint circular
signature because of different convection velocities. These vortices are inclined at
approximately 25 ~ 26° with respect to the downstream direction. Adrian et al. [14]
observed that in the TBL over a smooth wall, large-scale structures like hairpin
packets grow upwards at a mean angle of approximately 12° as they move down-
stream. In similar experiments, Volino et al. [17] found angles of 13.2 +2.5° and
15.8 4 3.3° for smooth and rough walls, respectively. A time sequence of the instan-
taneous flow fields shows highly disrupted vortical structures above the roughness
crest, and that these structures recover rapidly with moving upwards away from the
rod roughness and attain a coherence similar to that observed for the smooth wall.
Figure 7c shows the spatial distributions of the Q2 and Q4 events for the same in-
stantaneous vector field, where the Q2 and Q4 events are indicated by red and blue
colors, respectively. Consistent with Coceal et al. [8], the Q2 and Q4 events are not
randomly distributed but rather are grouped into distinct regions. These results indi-
cate that large amounts of high speed fluid inrush toward the cavity region between
consecutive rods, and that strong ejection motions occur near the leading edge.
Figure 8 illustrates the contours of the streamwise velocity fluctuations at y* =5
for flows past a rough wall (top) and smooth wall (bottom). In this figure, a blue
color indicates positive velocity fluctuations. At y* =5, the streaks are elongated on
the smooth wall, indicating a coherent organized structure of low speed streaks,
whereas at the same wall-normal location the streaks look significantly differ-
ent above the rough wall. Ashrafian et al. [18] observed streaky structures in the
distribution of streamwise velocity fluctuations over the rough wall, similar to those
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Fig. 8 Contours of streamwise velocity fluctuation at y* =5 on the smooth wall (a) and rough
wall (b). White and black regions represent high-speed (1’ > 0) and low-speed (u’ <0) streaks,
respectively
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of the smooth wall, but with significantly reduced coherence in the streamwise di-
rection and no obvious spanwise coherence.

To better comprehend the modification of the flow structures to Reynolds stress-
producing events, we examined the conditionally averaged flow field around these
structures by using linear stochastic estimation (LSE) [19]. Near-wall vortical struc-
tures are represented by plotting iso-surfaces of the swirling strength, A.; [15].
Figures 9 and 10 represent the iso-surfaces of A.; computed from the conditionally
averaged velocity field of the Reynolds stress maximizing the Q2 event speci-
fied at different y locations (y* =50 and y/6 = 0.5) over rough and smooth walls.
In the roughness sublayer, the streamwise vortical structures are shortened along

-400

Fig. 9 Conditionally averaged vortical structure and velocity vectors fields extracted from a Q2
event maximizing the Reynolds shear stress at location I and y* s = 50. Iso-surface represents A
with the 30% contour level of the maximum value. The velocity vectors show the conditionally
averaged in-plane velocity fluctuations: (a) smooth wall, (b) rough wall

Fig. 10 Conditionally averaged vortical structure and velocity vectors fields extracted from a Q2
event maximizing the Reynolds shear stress at location II and y,./6 = 0.5. Other conditions are the
same as in Fig. 9: (a) smooth wall, (b) rough wall



10 S.-H. Lee et al.

streamwise direction and the inclination angle is increased due to the surface rough-
ness. Above the roughness sublayer, however, the characteristics of the velocity field
and swirling strength of the rough wall are similar to those of the smooth wall. This
is consistent with the experimental data of Volino et al. [17], who demonstrated that
the two-point correlations of various quantities and average angles of maximum cor-
relation are in quantitative agreement between the smooth and rough wall systems in
the outer layer. These findings indicate that turbulent vortices producing Reynolds
stress in the outer layer of the rough wall system have almost the same geometrical
shape as those in the smooth wall system.

3 Conclusions and Outlook

The effects of surface roughness on a spatially-developing TBL were investigated
by performing DNS and PIV measurements of TBLs over rough and smooth walls.
Emphasis was placed on the interaction between the inner and outer layers induced
by the surface roughness. Despite the roughness-induced increase of the turbulent
Reynolds stress tensors in the outer layer, we can observe no discernible differ-
ences of redistribution of the turbulent kinetic energy, quadratic components of
Reynolds shear stress and vortical structures in the outer layer between smooth and
rough walls. These findings illustrate that introduction of surface roughness ele-
ments onto the smooth surface did not significantly affect the turbulence structure
in the outer layer.
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