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Abstract

This paper reports an experimental investigation of open channel turbulent flow over hemispherical ribs. A row of ribs consists of
hemispheres closely placed to one another in the spanwise direction and cover the entire span of the channel. The pitch-to-height ratio
is varied to achieve the so-called d-type, intermediate and k-type roughness. The Reynolds numbers based on water depth, %, and
momentum thickness, 0, of the approach flow are respectively, Re;, = 28,100 and Re, = 1800. A particle image velocimetry is used to
obtain detailed velocity measurements in and above the cavity. Streamlines, mean velocity and time-averaged turbulent statistics are used
to study the effects of pitch-to-height ratio on the flow characteristics and also to document similarities and differences between the pres-
ent work and prior studies over two-dimensional transverse rods. It was observed that interaction between the outer flow and the shear
layers generated by ribs is strongest for k-type and least for d-type ribs. The results also show that hemispherical ribs are less effective in
augmenting flow resistance compared to two-dimensional transverse ribs. The levels of the Reynolds stresses and budget terms increase
with increasing pitch-to-height ratio inside the roughness sublayer.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Turbulent flows over rough surfaces occur in many fluid
engineering systems. One effect of surface roughness is to
increase momentum transfer and flow resistance. In the
area of heat transfer, surfaces are often artificially rough-
ened to augment heat transfer rates. Because of their tech-
nological importance, turbulent flow over rough surfaces
has been studied quite extensively since the early work of
Nikuradse (1933). Different roughness elements such as
sand grains, gravels, spheres, wire mesh, and two-dimen-
sional transverse rods attached to surfaces have been used
in the past to model surface roughness. The results
obtained from prior studies have broadened our knowledge
of the structure of rough wall turbulent flow.

Prior research has shown differences between the struc-
ture of turbulent flow over smooth and rough surfaces
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close to the wall or roughness elements. The region over
which these differences exist is often referred to as the
roughness sublayer, and is defined as the region extending
from the wall to about 5 roughness heights (Raupach et al.,
1991). Following the terminology of Perry et al. (1969),
surface roughness can be classified as d-type and k-type
roughness. If the roughness function depends on Reynolds
number based on the roughness height, k, and friction
velocity, U, (i.e., k't =kU,/v, where v is the kinematic vis-
cosity), it is termed k-type roughness. Research has shown
that the k-type scaling is not obeyed by grooved surfaces
when the cavities are narrow. This type of roughness scales
with outer variables (the boundary layer thickness, d or the
pipe diameter, d) and is therefore known as d-type. For
flow over ribs made of repeated two-dimensional trans-
verse rods, roughness classification is based on pitch (p)
to height (k) ratio, p/k. In this case, d-type roughness is
obtained if p/k <4, p/k = 4 is often referred to as interme-
diate roughness, and p/k > 4 corresponds to k-type rough-
ness. In d-type and intermediate roughness regime, stable
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Nomenclature

skin friction coefficient

diameter of hemisphere

flatness factor of streamwise and wall normal

fluctuating velocities

water depth

boundary layer shape parameter

rib (hemisphere) height

sand grain roughness

pitch or distance between crests of adjacent ribs

(see Fig. 2)

Rey, Reynolds number based on freestream velocity
and water depth

Rey Reynolds number based on freestream velocity

and momentum thickness

skewness factor of streamwise and wall normal

fluctuating velocities

streamwise component of mean velocity

freestream velocity

friction velocity

fluctuating velocity components in streamwise

and wall-normal directions

Reynolds normal stress in streamwise and wall-

normal directions
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—(uv) Reynolds shear stress

W, e, u?, v triple correlations

Vi, Vo transport velocity for turbulent kinetic energy
and Reynolds shear stress

streamwise, wall-normal and spanwise coordi-
nates

X, )V, Z

Greeks

dissipation rate of turbulent kinetic energy
boundary layer thickness

von Karman constant

mean spanwise vorticity

kinematic viscosity

boundary layer momentum thickness

U"  roughness shift

DS 0RO
3]

Subscript and superscript

OF normalization by inner variables U, and v

()c, ()1, ()r mean velocity or turbulent quantity ob-
tained at cavity center, crest of left (upstream)
rib, crest of right (downstream) rib

Os mean velocity or turbulent quantity obtained by
averaging over a pitch

vortices are formed in the cavity between ribs and these
vortices prevent the outer flow from reattaching on the
floor of the cavity. For k-type roughness, on the other
hand, the vortices occupy only a fraction of the cavity
and the separated flow may re-attach on the floor.

As mentioned earlier, the velocity and thermal fields of
turbulent flow over two-dimensional transverse rods and
other roughness geometries have been studied extensively
using both experimental and numerical methodologies
(Akinlade et al., 2004; Furuya et al., 1976; Grass et al.,
1993; Krogstad et al., 1992; Ligrani and Moffat, 1986; Liou
et al., 1990; Mazouz et al., 1998; Tachie et al., 2003).
Reviews of previous works on rough wall turbulent flow
are also provided by Raupach et al. (1991), and more
recently by Jiménez (2004). Because it is impractical to
review all prior studies, only selected and representative
experimental and numerical works over two-dimensional
rods are summarized. Djenidi et al. (1999) used a laser
Doppler anemometry (LDA) to investigate turbulent
boundary layer over two-dimensional square rods. The
pitch-to-height ratio was p/k = 2 giving a d-type roughness.
They observed significant variation of the mean and fluctu-
ating velocity inside the cavity and higher turbulence inten-
sities and Reynolds shear stress over the ribs than for a
smooth surface. They also performed qualitative flow visu-
alization using a laser-induced fluorescence to elucidate the
importance of outflows in producing and sustaining turbu-
lence. Okomato et al. (1993) studied boundary layer flow
over square rods over a wide range of pitch-to-height

ratios: 2 < p/k < 17. Their flow visualization revealed sta-
ble recirculation for p/k < 5. For p/k =9 they observed
that the flow reattached to the floor of the cavity. The tur-
bulence intensity in the shear layer increased for p/k <9
and decreased for p/k > 9, and they concluded that interac-
tion between ribs reached a maximum at p/k =9. Sato
et al. (1989) conducted LDA measurements in a channel
with both top and bottom walls roughened with 10 mm
square rods at p/k =7. The top and bottom rods were
arranged in symmetric, staggered and unsymmetric config-
urations. Detailed velocity measurements at various x-posi-
tions between the ribs revealed differences among the
different configurations.

Because turbulent flow over ribs is remarkably inhomo-
geneous inside the cavity and the roughness sublayer, the
use of single point velocity measurement techniques such
as hot-wires and Pitot tubes may miss some of the salient
features close to the ribs. Furthermore, Pitot tube and
hot-wires are not ideal for measurements inside the cavity
where reverse flow and high local turbulence intensities
exist. These limitations are overcome with the use of direct
numerical simulation (DNS) and large eddy simulation
(LES). Though limited to relatively low Reynolds numbers,
the quality and scope of information obtained from LES
and DNS are unmatchable by experimental methodologies.
Some of the prior numerical works are now reviewed. Cui
et al. (2003) performed LES in a channel with the bottom
wall roughed with square rods arranged to yield three
pitch-to-height ratios, p/k =1, 4, 9, corresponding to
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d-type, intermediate and k-type roughness, respectively.
The streamlines for the d-type and intermediate roughness
show stable vortices occupying the entire cavity. For the k-
type roughness, a total of four recirculation regions were
observed on the crest and inside the cavity. The outer flow
also reattached on the floor in the cavity. Their results
show that the interaction between the outer flow and the
flow inside the cavity is greatest for k-type and least for
d-type roughness.

Miyake et al. (2001), Ikeda and Durbin (2002) and Nag-
ano et al. (2003) performed DNS in channels with one-side
of channel roughened by two-dimensional transverse
square rods. Leonardi et al. (2003, 2005) also performed
DNS in a channel with the bottom wall roughened by
two-dimensional square rods for 1< p/k < 19. Their
results also revealed recirculation regions inside the cavity
with the outer flow re-attaching on the floor for p/k = 7.
They found that the maximum form drag occurs at
plk =7. DNS of channel flow with both bottom and top
walls roughened by two-dimensional transverse square
rods were performed by Alireza et al. (2004) and Krogstad
et al. (2005). The pitch-to-height ratio in both studies was
p/k =8 and the rods were arranged in a non-staggered
fashion. They noted differences between the rib flow and
smooth flow inside the roughness sublayer. However, the
streamlines obtained by Alireza et al. (2004) revealed a sad-
dle point close to the floor in the cavity flow rather than the
reattachment observed in the work of Leonardi et al.
(2003) and Cui et al. (2003).

In this work, a particle image velocimetry (PIV) is used
to study open channel turbulent flow over and inside hemi-
spherical ribs. The pitch-to-height ratio was varied to
obtain d-type, intermediate and k-type roughness. The rib
geometry studied in this work is quite different from the
two-dimensional transverse square and circular rods stud-
ied in most of the previous studies. Since the PIV is a
whole-field velocity measurement technique, it is particu-
larly suitable for studying the remarkably inhomogeneous
velocity field inside the cavity and in the immediate vicinity
of the ribs.

2. Experimental setup and measurement procedure
2.1. Test facility

The experiments were performed in an open channel re-
circulation type water channel. The channel is constructed
using Plexiglas to facilitate optical access. To ensure
smooth entrance of flow into the test section, the settling
chamber upstream of the contraction is fitted with perfo-
rated steel plates. A 6:1 contraction ratio is used to further
reduce the turbulence intensity by accelerating the mean
flow. The test section of the channel is 2500 mm long,
200 mm wide and 200 mm deep. The flow is driven by
25HP motor and in-line centrifugal pump system. A Tos-
hiba transistor inverter type variable speed controller
regulates the motor-pump system speed. The system is fur-

nished with a filter that removes dye concentrations and
other unwanted particles from the working fluid when the
need arises.

The ribs were glued on to a 4-mm thick Plexiglas sheet
that spans the entire width and length of channel using a
double-sided tape. The sheet was then tightly screwed onto
the bottom wall of the channel. A row of ribs consists of
transparent acrylic hemispheres closely placed to one
another in the spanwise direction and cover the entire span
of the channel. The ribs were positioned such that the crest
of center rib in each row is located in the middle plane of
the channel. The average diameter D and height k of the
hemispheres provided by the supplier (ComPlex Plastics
Inc.) were D = 12 mm and k& = 6 mm. A digital vernier cal-
iper was used to measure the diameters and heights of 30
randomly selected hemispheres. It was found that 12.03 <
D (mm) < 12.73 and 5.69 < k (mm) < 5.89. The measured
mean diameter D,,, and standard deviation o p for the diam-
eters were D, = 12.23 mm and op = 0.17 mm, and corre-
sponding values for the height were k;,, =5.82 mm and
o = 0.04 mm. Three different values of pitch, p, or crest-
to-crest spacing between successive rows were chosen to
achieve d-type, intermediate and k-type roughness. Specif-
ically, values of p =12, 24 and 48 mm were chosen for
d-type (p/k = 2), intermediate (p/k = 4) and k-type (p/k =
8) roughness. A 40-mm wide strip of 1-mm sand grains
spanning the width of the channel was placed 100 mm from
the entrance of the channel to enhance a rapid development
of the boundary layer. A schematic of the test section,
coordinate system as well as the CCD camera and laser
arrangement is shown in Fig. 1. Here, the streamwise,
wall-normal and the spanwise directions are denoted by
x, y and z, respectively; x = 0 corresponds to the upstream
edge of the first row of hemispheres, y = 0 corresponds to
the floor of the channel (Plexiglas sheet), and z = 0 corre-
sponds to the middle plane of the channel. The mean and
fluctuating velocities will be denoted by upper and lower
cases, respectively. For example, U is the mean velocity
in the streamwise direction, u and v are the fluctuating com-
ponents in the streamwise and wall-normal directions,
respectively, and —(uv) is the Reynolds shear stress in the
x—y plane. Fig. 2 shows sketches and pictures of the three
roughness types studied. It should be noted that, unlike
square rods, the base of the hemispheres for our d-type
roughness touches each other. Because the laser was shot
from above (Fig. 1), it was necessary to spray the ribs in
regions where measurements were taken using a black
spray (Krylon Fusion) so as to minimize reflected light
from the ribs and improve the quality of vectors close to
the ribs.

2.2. PIV system and measurement procedure

The flow was seeded with polyamide seeding particles
having mean diameters of 5 pum and specific gravity of
1.03. The settling velocity and response time of the particles
were estimated to be 0.41 um/s and 1.43 ps, respectively.
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Fig. 1. A schematic of experimental setup showing the test section and coordinate system. All distances are in mm.
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Fig. 2. Sketches and pictures of the roughness types studied: (a) d-type, p/k = 2; (b) intermediate, p/k = 4; (c) k-type, p/k = 8. All distances are in mm.

The settling velocity is small compared to the mean axial
velocity measured and the response is very small compared
to the sampling time of about 500 us so that the particles
are considered to follow the fluid faithfully. An Nd-YAG,
120 mJ pulse laser (4= 532nm) was used to illuminate
the flow. A set of cylindrical lens converted the laser light
into a thin sheet. As shown in Fig. 1, the laser was shot

from the top and through the free surface. Since the
Froude number (Fr = U?/gh = 0.14) is low and the flow
is in the sub-critical range, there were no waves. That is,
the free surface was nearly parallel and fairly calm and
did not distort the laser sheet significantly. The laser sheet
was located at the mid-plane (z =0) of the channel and
positioned in such a way that its plane was perpendicular
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to the camera. A 60 mm diameter Nikkor lens was fitted to
a high resolution digital camera (Dantec Dynamic HiSense
4M camera) which uses charged-coupled device (CCD)
with 2048 pixel x 2048 pixel chip and a pitch of 7.4 um.
The PIV images were acquired continuously through a buf-
fer system onto a desktop computer. The digital images
were post-processed by the adaptive-correlation option of
commercial software developed by Dantec Dynamics
(FlowManger 4.50.17). Each image was subdivided into
32 pixel x 32 pixel with 50% overlap. Approximately, 20
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particles could be found in each interrogation area of the
PIV.

Initial measurements were made upstream and over the
ribs using a 100 mm x 100 mm field of view. It was
determined that the boundary layer thickness ¢ defined as
the y-location where U = 0.99U, (U, is the freestream veloc-
ity) was 55 mm. Based on this result all subsequent measure-
ments were made with approximately 60 mm x 60 mm field
of view giving 0.45mm X 0.45 mm interrogation area.
Preliminary measurements were made to study flow
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Fig. 3. Velocity vectors inside and above cavity: (a) d-type; (b) intermediate; (c) k-type. All distances are mm.
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development over the ribs. From these results, it was decided
to conduct all subsequent measurements beyond the 8th row
of hemispheres, i.e., x/p > 7. Preliminary analysis was also
performed using various sample sizes to compute the mean
and the turbulence quantities. It was found that the mean
and turbulent profiles obtained using 2000 or more images
do not show any significant difference and so 2500 images
were used to compute the mean and turbulent statistics
reported in this paper. Measurements were made 350 mm
upstream of the first row of ribs (x = —350 mm) in order

|||]|l|||||‘I||||:|

to obtain the characteristics of the approach turbulent
boundary layer. The mean and turbulent quantities obtained
at this location will be referred to as ‘smooth’ in Section 3.
The pertinent boundary layer parameters for the approach
flow are as follows: water depth 4 =90 mm, free stream
velocity U, =0.312m/s, boundary layer thickness 6=
55 mm, momentum thickness 6 = 5.79 mm, shape parame-
ter H =1.46, Reynolds number based on the momentum
thickness Rey = U.0/v = 1800. The background turbulence
level measured at y = 6 was approximately 5%.
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Fig. 4. Streamlines inside and above cavity: (a) d-type; (b) intermediate; (c) k-type. All distances are in mm.
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3. Results and discussion

3.1. Streamlines, mean spanwise vorticity and velocity
field in the cavity

Fig. 3 shows velocity vectors inside and above the cavi-
ties to reveal how the mean velocity varies along the flow
(x-direction) in this region. In each case, some vectors were
skipped to avoid data congestion. Since the hemispheres

20

were closely placed (they actually touch each other) for
d-type roughness (Fig. 3(a)), there is only a small cavity close
to the crests of the hemispheres. The velocity magnitude in
the cavities is ordinarily small, and as expected, the vectors
vary quite significantly inside the cavities. Negative velocities
were found in the cavities revealing flow reversal. The mag-
nitude of the negative velocities in d-type roughness is, how-
ever, so small that they are not visible in the figure. It is
observed that the mean velocity increases very rapidly above

1 _/\{\4.7?5W

-15.486!

(c) 6 12 18 24

Fig. 5. Isocontours of mean spanwise vorticity inside and above cavity: (a) d-type; (b) intermediate; (c) k-type.
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the cavity. The vectors obtained over d-type and intermedi-
ate roughness are parallel to the main flow just above ribs.
However, the mean flow over k-type roughness is remark-
ably inhomogeneous so that the vectors remain unparallel
up to y =~ 18 mm, i.e., 2 rib heights above the crest.

The streamlines for the three roughness types are shown
in Fig. 4. For d-type and intermediate roughness, stream-
lines that originate from the upstream rib reattach on the
downstream rib, and not on the floor inside the cavity.
For each of these two roughness types, a weak stable clock-
wise rotating vortex occupies the region bounded by these
streamlines and the cavity. The vortex for intermediate
roughness is obviously larger than that for d-type. Thus,
the flow patterns over d-type and intermediate hemispheri-
cal ribs are qualitatively similar to those obtained in prior

1017

numerical results for two-dimensional square ribs except
for the corner counter rotating vortex. For k-type rough-
ness, the separating streamline from the upstream rib
reattaches onto the floor in the cavity at about 4k down-
stream from the crest of upstream rib. In this case too,
the space bounded by the separating streamline, the
upstream hemisphere and the floor is occupied by a vortex.
The size of this vortex is smaller than those obtained for
intermediate and d-type roughness. Consistent with obser-
vation made in Fig. 3(c), the streamlines close to the ribs
are not parallel due to a stronger interaction between the
outer flow and cavity for k-type roughness. It should be
noted that our k-type roughness does not reveal a distinct
counter rotating vortex behind the upstream rib. Further,
the smaller vortices found on the crest and just upstream
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of the downstream rod in the LES results of Cui et al. (2003)
over square rods were not observed in the present work. The
separating bubble for our k-type ribs is shallower than
reported for square rods. These disparities are probably
due to differences in rib geometry. The observation that
the flow reattaches onto the floor in the k-type cavity is con-
sistent with the DNS results of Leonardi et al. (2003) and
LES results of Cui et al. (2003) in a channel with one wall
roughened but at variance with Alireza et al. (2004) whose
DNS results pertain to a channel with both walls roughened
with square rods.

The isocontours of mean spanwise vorticity (.= 0V/
0x — 0U/0y) are shown in Fig. 5. The figure reveals regions
of intense shear layer in the vicinity of the ribs. Because 07/
0x < 0U/dy, values of Q. are negative everywhere. The bulk
of vorticity is generated above the ribs and convected
downstream into the cavity. Inside the cavity, more intense
vorticity is found for d-type ribs than for intermediate and
k-type ribs. As noted above, a reduced interaction between
the outer flow and d-type cavity produces negligible vertical
motion (V= 0) inside the d-type cavity. In this case, the
mean vorticity simplifies to Q. ~ —0U/0y.

The variation of turbulence intensity («) in the stream-
wise direction and the Reynolds shear stress —(uv) with x
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at selected y-locations inside the cavity and above the ribs
are shown in Fig. 6. For d-type roughness, the u profiles
are nearly symmetrical with two peaks located upstream
and downstream of the vortex centre. The maximum
value occurred at y/k=1.25, i.e., above the ribs. The
Reynolds shear stress also show double peak but the
upstream peak is higher than the downstream peak.
For intermediate roughness, the maximum values of u
and —(uv) occur at y/k=1.00 and x/p =0.65. Further,
both u and —(uv) profiles are nearly parallel for y/k >
2.0. In the case of the k-type roughness, u and —(uv)
do not become homogeneous until y/k = 3.67. The loca-
tions of maximum u and —(uv) occur at y/k =0.75 mm
and x/p=0.4, that is, below the top plane of the ribs
and upstream of the reattachment. In summary, Fig. 6
clearly demonstrates that locations of the maximum u
and —(uv) move closer to the floor as the pitch-to-height
ratio increases.

3.2. Mean velocity profiles in outer and inner coordinates
Because of the significant variation of the mean and

turbulent quantities in the cavity and above the ribs (for
k-type), it was decided to average the mean and turbulent

U/u,

e

(b)

u/u,

(C)]

Fig. 7. Mean velocity profiles normalized by freestream velocity (a) d-type, (b) intermediate, (c) k-type and (d) comparison among smooth and various

roughness types.



M. Agelinchaab, M.F. Tachie | Int. J. Heat and Fluid Flow 27 (2006) 1010-1027

quantities over a wavelength p, i.e., from crest to crest, and
compare these profiles with those obtained at the crest and
cavity center. In subsequent figures, the subscripts R and L
will be used to denote profiles obtained at the crests of the
right (downstream) and left (upstream) ribs, respectively,
and C will denote profiles at centre of cavity. For example,
Ur, U, and Uc will denote U profiles obtained at crest of
the downstream rib, crest of the upstream rib and centre of
cavity respectively. Similarly, Ug will denote averaging over
a wavelength, p, i.e., from upstream crest to downstream
crest. Note that because the flow over k-type roughness
reattaches on the floor, the vortex center is not located at
the cavity center. For this reason, profiles were also
extracted at x-location corresponding to the vortex center
for k-type roughness. These profiles will be denoted by
the subscript E so that Ug, for example, will denote the
mean velocity at vortex centre of k-type roughness.

The mean velocity profiles are shown in Fig. 7. The
velocity, U, and wall-normal distance relative to the floor,

1019

y, are normalized by the free stream velocity, U,, and the
water depth, A, respectively. The profiles are terminated
at y/h=0.5 (or y/k =7.5) because data beyond this point
do not provide any valuable information. The dash lines
correspond to the top plane of the ribs. Profiles at cavity
centre are negative for d-type and intermediate roughness
because these locations correspond to the vortex centre.
For k-type roughness, Ug profile shows negative values
but Uc does not because the x-location of the former cor-
responds to the vortex center while for the latter, it is
located downstream of reattachment. The magnitude of
maximum negative velocity is about 10% of freestream
velocity for the intermediate roughness but lower for d-type
and k-type roughness. Fig. 7(a) and (b) show that, for
d-type and intermediate roughness, the various profiles
including the spatial-averaged profiles, collapsed reason-
ably well in the region y/h > 0.1. The data also reveal that
profiles at adjacent crests (U and Ug) are nearly indistin-
guishable right from the rib top. For k-type roughness

25 T T

20 —

smooth :

Fig. 8. Mean velocity profiles in inner coordinates.

Table 1

Summary of friction and roughness parameters from averaged velocity profiles for the various surface conditions studied

Surface type U. (m/s) U, (m/s) U./U. Cr AU kS kk
Smooth 0.312 0.0143 0.046 0.0042 - - -
d-type (p/k =2) 0.325 0.020 0.062 0.0076 5.00 32.6 0.27
Intermediate (p/k = 4) 0.325 0.029 0.089 0.0159 10.45 304.8 1.75
k-type (p/k =8) 0.325 0.034 0.105 0.0219 12.95 849.5 4.16
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(Fig. 7c) reasonable agreement between profile at cavity
center and the other profiles is observed beyond y/h =
0.2. The profiles obtained in the cavity and the crests are
compared with the upstream boundary layer profile in
Fig. 7(d). As expected, U/U, values for the upstream
boundary layer (denoted as smooth in Fig. 7(d) and subse-
quent figures) are higher than those obtained over and
between the ribs in the region y/h <0.15. If the roughness
sublayer is defined as the region extending from the floor
to 5 roughness heights (y/k <5 or y/h <0.3), then Fig. 7
shows that the effects of pitch-to-height ratio or roughness
type on the mean flow is limited to the roughness sublayer.

As noted earlier, one effect of surface roughness on the
mean flow is to increase the friction coefficient, Cy=
2(U,/U.)*. Values of the friction velocity for both the
smooth and the various roughness types were obtained
using the Clauser chart technique, i.e., fitting the mean
velocity profiles to the classical log law: U™ =« 'Iny" +
B — AU"; where U" = U/U,; y" = yU./v, k and B are the
log-law constants; and AU is the roughness function
which represents the downward shift associated with
roughness in the overlap region. It should be pointed out
that the exact values of k and B have not been calculated
in a developing turbulent flow over rough surfaces.
However, prior numerical and experimental studies in
two-dimensional channels and boundary layers over differ-
ent types of rough surfaces seem to provide support for
universal x and B values (Cui et al., 2003; Krogstad and

0.010
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Antonia, 1999). In this work, therefore, the following val-
ues are used for both the smooth wall and ribs (i.e., rough
surfaces): k = 0.41 and B = 5.0. For a smooth wall, i.e., the
upstream boundary layer, AU = 0.

Because PIV provides velocity data over finite interroga-
tion areas (and not at points), it is difficult to determine the
exact location of the wall. This obviously introduces an
error in y and U, values, especially for the various rough-
ness types. The exact uncertainty in U, could not be
obtained but was estimated to be of order 5% and 10%
for smooth and ribs, respectively. The mean velocity pro-
files in inner coordinates are shown in Fig. 8 in a semi-log-
arithmic format. For each roughness type, profiles for Uc
and Up are shown. For the smooth-wall profile, the data
and the log-law overlap up to y" ~ 500 because of the
small wake component compared to a classical zero pres-
sure gradient turbulent boundary layer. Agreement
between data and the log-law with the appropriate rough-
ness function is good up to y* ~ 300 and 400 for the inter-
mediate and k-type roughness, respectively. The values of
U, and AU" for the averaged velocity profiles are summa-
rized in Table 1. Fig. 8 and Table 1 clearly show that the
roughness shift, AU", is smallest for d-type roughness
and largest for k-type roughness. The skin friction values
are higher for the ribs than for the upstream smooth-wall
profile because of contribution from pressure-induced
drag. It is seen that the pressure induced drag (and hence
Cr value) increases with pitch-to-height ratio, as expected.
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Fig. 11. Reynolds shear stress —(uv) normalized by freestream velocity (a) d-type, (b) intermediate, (c) k-type and (d) comparison among smooth and
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The values of U,/U, obtained in this work may be com-
pared with values obtained from DNS in channel rough-
ened on one side with circular and square two-
dimensional rods (Leonardi et al., 2003) and measurements
in a zero pressure gradient turbulent boundary layer over
circular rods (Krogstad and Antonia, 1999). Our value of
U./U, = 0.062 for p/k =2 is slightly lower than 0.068 and
0.070 obtained over circular and square rods at the same
pitch ratio in the DNS study. For p/k=4 and 8, we
obtained U,/U, = 0.089 and 0.105 compared with values
of 0.08 and 0.09 obtained for square and circular rods in
the DNS study. The value of p/k studied in the boundary
layer was 4, and U,/U.= 0.057. The differences between
the present and the DNS results are 12% or less, which is
comparable to the measurement uncertainty in our U, val-
ues. Our U,/ U, value for p/k = 4 is about 60% higher than
the value obtained in the boundary layer experiment. The
disparity noted above may be due to differences in flow
type, rib geometry, Reynolds number and uncertainty in
U, values.
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Prior studies reveal that ribs are effective in augmenting
both momentum and heat transfer rates. The rib’s effective-
ness to increase flow resistance may be quantified by the
ratio of the equivalent sand roughness k; to height, k, of
the ribs (ky/k). In this work, the values of k, were calculated
from the relation: AU" =k 'In(k]) + B— C, where k =
0.41, B=5.0 and C =8.5. The dimensionless sand grain
roughness, k7 = k,U./v, and kJ/k values are summarized
in Table 1. As expected, both k" and ky/k are highest for
k-type and least for d-type. On basis of k" values, we found
that d-type roughness is in the transitional rough regime
while intermediate and k-type are in fully rough regime.
Since ky/k is a measure of the surface to generate resistance
to flow, Table 1 indicates that k-type and d-type are, respec-
tively, the most and least effective in generating resistance to
flow. The effectiveness of the hemispherical ribs to generate
flow resistance can also be compared with other rib geome-
tries. For our intermediate roughness (p/k = 4), we obtained
k/k =1.75. This value is much smaller than kJ/k=3.2
obtained from LES in a channel roughened with square
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Fig. 12. Distributions of correlation coefficient and stress anisotropy for smooth and various roughness types.
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rods, and k/k = 6 obtained in measurements over circular
rods in a zero pressure gradient turbulent boundary layer
(Krogstad and Antonia, 1999). For our k-type (p/k = 8),
kJ/k = 4.16 which is also smaller than k/k = 5.9 obtained
in the LES of Cui et al. (2003) in a channel roughened by
square rods (p/k = 9). It appears, based on this limited com-
parison, that two-dimensional square and circular rods are
more effective in augmenting flow resistance than the hemi-
spherical ribs studied in this work.

3.3. Turbulent intensities and Reynolds shear stress

The turbulence intensity in the streamwise direction, u
normalized by the freestream velocity, U,, is shown in
Fig. 9. The various profiles for d-type and intermediate
roughness are nearly similar for y/h > 0.1. For these rough-
ness types, the peak values obtained at the crests are higher
than those obtained in the cavity. For k-type roughness,
large differences among the various profiles are observed
up to y/h = 0.25. This suggests that the region over which
the flow is inhomogeneous in the streamwise direction
extend further into the outer layer for k-type roughness
than noted for d-type and intermediate roughness. Also,
in contrast to d-type and intermediate roughness, the peak
values for the profiles in the cavity of k-type roughness are
higher than corresponding values over the crest. These dif-
ferences indicate that the interaction between the outer
flow and the cavity varies with roughness type or pitch-
to-height ratio. It is evident from Fig. 9(d) that the ribs
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enhance the Reynolds normal stress () compared to the
smooth wall case within the roughness sublayer. The peak
values obtained in this study are lower than obtained in
previous experiments (Djenidi et al., 1999; Okomato
et al., 1993) and LES (Cui et al., 2003) over square ribs.
For example, peak values of u obtained in cavity of inter-
mediate and k-type roughness in the present work are
0.14 and 0.17, respectively, and corresponding values for
square ribs are 0.20.

The wall-normal component of the turbulence intensity,
v, and the Reynolds shear stress, —(uv), are shown in Figs.
10 and 11, respectively. Similar to the observations outlined
above, v and —(uv) profiles obtained over the crest and in
the cavity are essentially the same for d-type and intermedi-
ate roughness. For k-type, the peak value in the cavity is
higher than over the crest. Furthermore, the peak values
over and between the ribs are significantly higher than those
of the approach boundary layer. The data also show that
the turbulence levels are dramatically enhanced as the
pitch-to-height ratio increases and the interaction between
the shear layers becomes stronger. The peak values of v
and —(uv) for the hemispheres are lower than in the LES
results of Cui et al. (2003) over square ribs, an indication
that square rods augment the turbulence intensities and
Reynolds shear stress more than hemispherical ribs.

Figs. 9-11 provide evidence that the Reynolds stresses,
normalized by the freestream velocity, depend on pitch-
to-height ratio in the roughness sublayer. Higher values
of the Reynolds stress close to the wall will presumably
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Fig. 13. Triple product normalized by freestream velocity (a) (), (b) (%), (c) (uv®) and (d) (v*).
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lead to enhanced mixing in the vicinity of the ribs. To
determine if the increased mixing has any effects on the
stress anisotropy and correlation coefficient, we compare
values of R,, = —(uv)/vu2v?, —(uv) /v* and v*/u” for three
roughness types and smooth surface in Fig. 12. Because
of the high background turbulence levels in the outer
region of an open channel flow, R, decreases more rapidly
from the wall towards the outer region than reported for
channel and boundary layer flows. Close to the wall,
y/h <0.2, there are no significant differences among R,
values for smooth, d-type and intermediate roughness.
However, the magnitude of R, is higher for k-type rough-
ness than the other roughness types. Fig. 12(b) shows that
—(uv) and v* are proportionately enhanced by the various
roughness types so that the quantity —<uv>/v2 remains
unchanged from the smooth-wall value. As expected, v*/
u? increases away from the wall, an indication that the flow
is more isotropic as the free surface is approached. The
smooth-wall as well as d-type and intermediate roughness
data are fairly low (anisotropic) and similar close to the
wall. The flow close to the wall appears more isotropic over
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Fig. 14. Skewness factor of fluctuating velocity.

k-type roughness as evident in higher v*/u* values (closer to
unity) compared to the other surfaces. The various rough-
ness types have no effect on the stress anisotropy in the
region y/h > 0.15.

3.4. Higher order moments

As is well known, the triple correlations are important
turbulent statistics because their gradients represent the tur-
bulent diffusion terms in both the turbulent Kinetic energy
and Reynolds stress equations. For example, <u3> represents
the transport of (#*) by turbulent motion in the streamwise
direction, («*v) and (1) represent, respectively, the trans-
port of (#*) and (v*) in the wall-normal direction, and (uv?)
is associated with ‘turbulent work’ done by the Reynolds
stress. In this work, the following triple products were mea-
sured: (1), (t*v), (uv”) and (1), and the effects of the various
roughness types on these quantities are shown in Fig. 13.
Fig. 13(a) and (c) show that (#*) and (uv?) are negative close
to the ribs while («*v) and (v*) (Fig. 13(b) and (d)) are posi-
tive. Since —0((u”v) + (v*))/dy is associated with diffusion of
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turbulent kinetic energy in the wall-normal direction, it is
clear from Fig. 13(b) and (d) that there is negative transport
in the region y/h < 0.15 and positive transport in the region
0.15 < y/h <0.2. Beyond y/h = 0.2, there is no significant
diffusion of turbulent kinetic energy in the wall-normal
direction. Similarly, diffusion of Reynolds shear stress in
the wall-normal direction (3(uv?)/dy) is negligible away from
the ribs. The magnitude of the triple products is highest for
k-type and least for d-type roughness, and this supports pre-
vious experiments (Tachie et al., 2003) that turbulent diffu-
sion increases with increasing roughness effects.

The skewness factor (S, = (1°)/(i?)', S, = (*)/(1?)')

and flatness factor (F, = (u*)/(u*)?, F, = (v*)/(v*)?) can be
used to provide qualitative information on near-wall struc-
ture. For example, a nonzero skewness is a signature of
acceleration versus deceleration or sweep versus ejection
while a flatness factor greater than 3 is normally associated
with a peaky signal. The skewness and flatness factors are
shown in Figs. 14 and 15, respectively. The negative S, val-
ues close to the ribs may suggest that the instantaneous, Uj,
velocity is lower than its mean value, U, more often than
not. Since the skewness factor retains sign information,
the negative S, and positive S, in the region y/h <0.2 indi-
cate that Q4 (U; <0, V; > 0) events dominate. Similarly, the
positive S, and positive S, in the region 0.2 < y/h <0.4
indicates a dominance of Q1 (U;> 0, V; > 0) events in this
region. The flatness factors are fairly close to the Gaussian
value of 3 except very close to the ribs which may be due to
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the presence of large excursion of the fluctuating compo-
nents of the velocity from their mean values. In general,
the skewness and flatness factors do not show any signifi-
cant sensitivity to differences in roughness type.

3.5. Turbulent kinetic energy budget

The PIV also provides an opportunity to estimate the
production and dissipation terms in the turbulent kinetic
energy equation. The production and dissipation terms
were, respectively, evaluated as follows:

Prod = —(u*)0U /ox — (uv)oU /dy
— (uv)oV /ox — (v*)oV Jdy
N PYETED N 6u2+ v\’
o Oy Ox oy Ox
o\’ o\’ ow\’
2( — 2( — 2( —
2(5) +2(5) +(&)
Although the spanwise velocity was not measure, the last
term in the dissipation relation was estimated from conti-
nuity equation for the fluctuating component as follows:
(0w/0z)* = (Ou/0x + Ov/dy)(0u/ox + 0v/dy). The velocity
derivatives were estimated using central differencing.

Fig. 16(a) and (b) show distributions of the production
and dissipation terms. Both production and dissipation
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Fig. 16. (a) Production, (b) dissipation, (c) transport velocity of Reynolds shear stress and (d) transport velocity of turbulent kinetic energy.
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are nearly zero except close to the ribs, y/h<0.2. The
contribution of the various terms in the production term
varies with pitch-to-height ratio or roughness type. In all
cases, however, —(uv)0U/dy makes the largest contribution
to the total production. Since dU/dy and —(uv) increase
with increasing pitch-to-height ratio, the level of turbulence
production increases as roughness effect increases. The dis-
sipation rate of turbulent kinetic energy also increases with
increasing pitch-to-height ratio. However, the effects of
pitch-to-height ratio on turbulence production and dissipa-
tion rate are limited to the roughness sublayer. It is ob-
served that the magnitude of dissipation is higher
compared with production close to the ribs (i.e., produc-
tion # dissipation) because the diffusion and convection
terms (not shown) are not negligible close to the ribs.

The transport velocities of the turbulent kinetic energy
(Vi) and the shear stress (V,,) were also evaluated to see
if the different roughness types affect these quantities in
any significant manner. The following relations were used
to evaluate the transport velocities: Vj = — k((uv) +
Wk ((W?) + () and V,, = (uv?)/(uv), where k; and
k, are approximation constants to account for the contri-
bution of spanwise fluctuating velocity to turbulent diffu-
sion and kinetic energy, respectively. Following prior
smooth and rough-wall measurement (e.g., Krogstad and
Antonia, 1999) k| = k, = 0.75 was chosen. Fig. 16(c) shows
that values of V,, are negative close to the ribs. This sup-
ports the notion that Reynolds shear stress is transported
from the middle part of the shear layer, where it is mainly
produced, inwards to the wall region. Conversely, the posi-
tive values of V) close to the ribs suggest that turbulent
kinetic energy is transported from the wall region, where
it is mainly produced, outwards to the middle part of the
shear layer. The magnitude of the transport velocities is
fairly low (V,, is 2.5% or less of freestream velocity; Vy is
less than 1% of freestream velocity). It is seen that, similar
to the budget terms, the transport velocities increase with
increasing roughness effect.

4. Conclusions

The data presented in this work show some important
similarities and differences to prior numerical and experi-
mental studies of turbulent flow over two-dimensional
square and circular rods. For example, the streamlines
for d-type, intermediate and k-type roughness for the hemi-
spheres studied in this work are qualitatively similar to
prior LES and DNS results of Cui et al. (2003) and Leo-
nardi et al. (2003). The mean flow and turbulent quantities
vary quite significantly within the cavity as reported in
prior works over other geometries, and it appears the outer
flow interacts more strongly with k-type roughness than
d-type and intermediate roughness. Compared with two-
dimensional square and circular rods, ribs made of hemi-
spheres are less effective in augmenting flow resistance. This
is based on the premise that for similar pitch-to-height
ratio, the ratio of sand grain roughness to rib height is

markedly higher for two-dimensional transverse rods than
over the hemispheres. It was also observed that square rods
enhance the levels of turbulence than observed in this
study. These differences are probably due to the three-
dimensional nature of the hemispherical ribs studied in
the present work and the specific type of flow (in this case
open channel flow).

The results obtained in this study also demonstrate that
the ribs effectiveness to augment flow resistance increases
with pitch-to-height ratio. Inside the roughness sublayer,
the levels of Reynolds stresses, triple products, budget
terms in the turbulent kinetic energy equation as well as
transport velocities of turbulent kinetic energy and the
shear stress increase with increasing pitch-to-height ratio.
This is explained by a more enhanced interaction between
the cavity and outer flow as the pitch-to-height ratio
increases. While the stress anisotropy for d-type and inter-
mediate roughness remains similar to smooth data close to
the wall, we found a strong tendency towards isotropy for
k-type roughness.
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