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Abstract

Turbulent flow in a channel with transverse rib roughness on one wall is investigated by large-eddy simulation (LES). The

spacing of the roughness elements is varied to reproduce the so-called d- and k-type roughness, and an intermediate roughness

between the two. The time–mean and instantaneous flows are analyzed. The LES results agree with the rather limited laboratory

observations in flows with rib roughness, and provide new insights into the effects of roughness on the mean flow as well as the

turbulence structure. In d-type roughness, the outer flow almost rides over the roughness layer, in the mean, with the separation

eddies confined to the gaps between the ribs. For intermediate roughness, between the d-type and k-type, the mean separation region

is about the same size as the cavity between the ribs, but the outer flow is affected by large turbulent eddies emanating from the

roughness layer. For k-type roughness, separation and reattachment occur between two adjoining ribs, much larger and more

frequent eddies are thrown into the outer flow, resulting in strong interaction between the roughness layer and the outer flow. Time

and space averaged velocity profiles show the well-known downward shift of the semi-logarithmic portion of the law of the wall.

This result is quite surprising in view of the grossly varying spatial structure of the instantaneous flow.

� 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Turbulent flow over a rough surface is an important

problem in fluids engineering and has been the subject of

numerous studies in diverse fields, such as aerodynam-

ics, hydrodynamics, hydraulics, fluids machinery, and

atmospheric flows. The flow over a surface fitted with

transverse, rectangular ribs of varying height, width and
spacing is often used as a simple model to study

roughness effects on friction factor and heat and mass

transfer.

Early experimental studies led to correlations be-

tween the roughness height and the roughness function,

namely, the downward shift in the semi-logarithmic

portion of the law of the wall. These results are now

found in textbooks along with similar correlations for
other types of roughness (see, for example, White, 1991).

Perry et al. (1969) studied the turbulent boundary layer

over a wall roughened by transverse ribs, and proposed

to divide the roughness into two types: k-type and

d-type. The letter denotes the significant length scale

that determines the roughness function, velocity profiles

and friction factor, k being the roughness height and d
the boundary-layer thickness, pipe diameter, or channel

height. Tani (1987) suggested that, for regularly spaced
ribs, a demarcation between k-type and d-type rough-

ness might be made at the pitch ratio w=k ¼ 4, where w
is the pitch between the roughness elements. For d-type

roughness, typified by closely spaced ribs with w=k less

than 4, the roughness function (downward shift in the

semi-logarithmic law) is independent of the size of

roughness. In this case, the ribs are so closely spaced

that stable vortices are set up in the grooves, eddy
shedding from the roughness elements into the outer

flow is negligible, and the outer flow is relatively un-

disturbed by the roughness elements (making it inde-

pendent of k). For k-type roughness, typified by a wall

roughened by sparsely spaced transverse ribs or rods,

with w=k greater than 4, eddies with length scale of the
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order of the roughness height are shed from the

roughness elements and penetrate into the bulk flow

toward the pipe or channel center (or boundary layer

edge), and the roughness function and the friction factor
depend on the size of the roughness elements.

Most early researchers studied just one or a limited

number of rib roughness configurations, and data were

typically taken at only one location within the rib cycle

(Antonia and Luxton, 1971; Islam and Logan, 1976;

Siuru and Logan, 1977). More attention has been given

to turbulence intensities, Reynolds shear stresses, and

flow variations along the ribbed surface in some recent
investigations. For example, Hanjalic and Launder

(1972) carried out detailed experimental examination of

fully developed asymmetric flow in a plane channel. One

of the surfaces was roughened by square-sectioned silver

steel ribs with a pitch-to-height ratio of 10, while the

other was left smooth. The mean velocity distribution

between the surfaces exhibited three distinct regimes.

Near the smooth wall, the profile was in good accord
with the ‘‘law of the wall’’. Near the rough wall, the

downward shift from the ‘‘law of the wall’’ was identi-

fied, while in the central region of the channel, the mean

flow displayed strong interaction between the two wall

regions. Liou et al. (1990, 1993b) presented laser Doppler

velocimetry (LDV) measurements of mean velocity,

turbulence intensity, and Reynolds stresses in fully de-

veloped flow in a channel with square ribs distributed on
both walls. A pitch ratio of 10 was found to be optimal

from the standpoint of heat transfer enhancement. The

reattachment length behind the rib was found to be a

function of the pitch ratio. Large turbulence kinetic

energy and significant anisotropy occurred in the shear

layers and separated-flow regions. The peak of the tur-

bulence kinetic energy was found to occur at approxi-

mately one rib-height upstream of reattachment, and the
minimum occurred inside the separated recirculating

zone and near the corner, with a value only about one-

fifth of the aforementioned peak value.

Okamoto et al. (1993) measured the flow structure

over repeated two-dimensional square ribs mounted on

a plane surface in a water channel. Mean velocity, static

pressure, velocity vector, turbulence intensity, and in-

tegral scale were obtained. The turbulence intensity and
heat transfer were maximized and the flow reattached

within the groove with a pitch ratio of 9. They found

that the effects of Reynolds number on the optimum

pitch ratio for augmenting turbulence seemed to be in-

significant. They also reported that at the optimum pitch

ratio, the pressure loss due to the ribs was maximized.

This was the cost of augmentation of heat transfer.

Okamoto et al. also made flow visualizations that con-
firmed the demarcation between d- and k-type rough-

ness suggested earlier by Tani.

Most recently, Djenidi et al. (1999) carried out LDV

measurements and flow visualizations in a turbulent

boundary layer over d-type roughness with a pitch ratio

w=k ¼ 1. The near-wall quasi-streamwise vortices and

low-speed streaks were found to be similar to those in a

smooth-wall turbulent boundary layer. They claimed the
outflows from the cavities into the outer flow were re-

sponsible for the local maximum in the Reynolds shear

stress over the cavities. The form drag over rough sur-

faces was observed to be dominant compared with the

friction drag.

There are several numerical studies related to flow

over rough surfaces. As indicated in the recent review by

Patel (1998), most solve the Reynolds-averaged Navier–
Stokes (RANS) equations with relatively simple turbu-

lence models and do not explicitly calculate the flow in

the roughness layer. Instead, they rely on the law of the

wall with a specified roughness function. For channel

flow with ribs such calculations were made by Durst

et al. (1988), Liou et al. (1993a), and Bredberg and Da-

vidson (1999). In general, the computed mean velocities

matched well with experimental results, but significant
differences were found between the calculated and

measured turbulence kinetic energy in the separated-

flow and near-wall regions, which the authors attributed

to the use of the law of the wall in the boundary

conditions and deficiencies of the turbulence models.

Large-eddy simulation (LES) of flow and heat transfer

in a rib-roughened channel was carried out by Ciofalo

and Collins (1992). The Smagorinsky model with van
Driest damping near the walls was implemented to

model sub-grid scale effects. Since the focus was on the

demonstration of the feasibility of LES for simple and

complex flows rather than accuracy, a rather coarse grid

(48� 24� 24) was selected. The rib height was 1/4.8 of

the channel height and the pitch-to-height ratio was 7.2.

The mean flow rate and the turbulence levels in the bulk

flow region were over-predicted by LES as compared
with experimental data and k–e simulations. However,

the authors claimed that the overall flow structure and

many fine features of the mean and fluctuating flow

fields were in qualitative agreement with experimental

data. Miyake et al. (2001) performed direct numerical

simulation of rough-wall heat transfer in turbulent flow

in a channel. Sand grain roughness and regularly ar-

ranged two-dimensional ribs (k-type) were considered. It
was shown that the total drag on a rough wall was

composed of much larger pressure drag than friction

drag. The major effect of the roughness element was to

enhance the turbulent mixing and heat exchange. The

mixing was controlled by large scale motions, which

were inherent to the logarithmic layer.

In the present work we employ LES with a dynamic

sub-grid-scale model (DSM) to simulate turbulent flow
in a channel with one wall roughened by square ribs.

The principal objectives of the study are to investigate

the flows that lead to the so-called d-type and k-type

roughness effects, the turbulence structure associated
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with these flows, the interaction between the roughness

layer and the outer flow, and most important, to de-

termine the relation between the flow in the roughness

layer and the roughness function associated with the
time- and space-averaged velocity profile.

Following the results of the flow visualizations of

Okamoto et al. (1993), three different pitch ratios:

w=k ¼ 1, 4, and 9, are selected in an attempt to repro-

duce d-type, intermediate, and k-type roughness. The

following section briefly describes the numerical method

and the geometrical configuration. Section 3 describes

the time-averaged quantities of the simulation results
and comparisons with published laboratory measure-

ments. In Section 4, the results are analyzed in the

classical framework of treating ribs as surface rough-

ness. The instantaneous flow fields are presented in

Section 5. Section 6 provides a summary of major results

and conclusions.

2. Numerical method and flow geometry

The three-dimensional, unsteady, incompressible, fil-

tered continuity and Navier–Stokes equations, (1) and

(2), respectively, are solved with a DSM:

o�uui
oxi

¼ 0 ð1Þ

o�uui
ot

þ o

oxj
ð�uui�uujÞ ¼ � 1

q
o�pp
oxi

þ m
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� osij
oxj

� 1

q
oP
ox

d1i ð2Þ

Here i ¼ 1, 2, and 3, �uui are the resolved velocity com-

ponents (corresponding to �uu, �vv, and �ww, respectively,
�uui ¼ ui � u0, where u0 are sub-grid-scale (SGS) compo-

nents), xi are the Cartesian coordinates (corresponding

to x, y, and z, respectively), �pp is pressure, m is kinematic

viscosity, oP=ox is the mean pressure gradient imposed

in the streamwise direction to drive the flow, d1i takes

value of one only when i ¼ 1, and

sij ¼ uiuj � �uui�uuj ð3Þ

is the sub-grid-scale stress representing the effect of

small-scale motions.

In DSM, the model coefficients are computed dy-
namically as the calculation progresses rather than being

prescribed a priori. Two filters are introduced and ap-

plied in all three coordinate directions: the grid filter and

the test filter. A test filter twice as large as the grid filter

is usually chosen and is used in this paper. By applying

the test filter to the equations, the sub-grid-scale stresses

on the test level, or sub-test-scale stresses can be con-

structed. Then the sub-grid-scale stresses are parame-
terized by an eddy-viscosity model

sij �
dij

3
skk ¼ �2CD

2jSjSij ð4Þ

where

jSj ¼ ð2SijSijÞ1=2; Sij ¼
1

2
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!
;

dij is the Kronecker delta, D ¼ ðDx1Dx2Dx3Þ1=3, Dxi are
the mesh distances, and C is a model constant. To ob-
tain a single coefficient from these independent equa-

tions, C is assumed to remain unchanged between the

two filters (Germano et al., 1991; Piomelli, 1993; Lilly,

1992). Then, the model constant C can be determined

from

C ¼ 1

2

LijMij

MijMij
ð5Þ

where Lij ¼ �uui�uuj � �uui �uuj and Mij ¼ D
2jSjSij � D

2

jSjSij

(double over-bar represents test-scale resolved quanti-

ties) can be directly computed from the resolved motion.

In the present simulation, C is averaged in the spanwise
direction and a cutoff is set to make the total viscosity

non-negative to prevent any instability caused by neg-

ative viscosity. Since C is averaged in the spanwise di-

rection, the cutoff is applied for very few points for a

typical time step.

The finite-volume LES numerical code used here was

developed by Zang et al. (1994). In this method, the

governing equations in general curvilinear coordinates
are discretized on a non-staggered grid. A fractional-

step method is employed and the pressure Poisson

equation derived from the equation of continuity is

solved with multigrid acceleration. Time marching is

semi-implicit with formal accuracy of second order in

both space and time. Zang et al. (1994) verified and

validated the code in various flows, including decaying

vortices, lid-driven flow in two-dimensional, three-
dimensional and polar cavities, flow over a backward-

facing step, and flow in a curved square duct.

In all the simulations presented in this paper, a mean

pressure gradient is imposed in the streamwise direction

to drive the flow. The imposed pressure gradient is

carefully adjusted to keep the Reynolds number ðReÞ,
based on the bulk velocity (Ub) and half-channel height

ðH=2Þ, constant at 10,000 for all the cases. The viscosity
m is taken as 5� 10�5UbH . Periodic boundary condi-

tions are imposed in both the streamwise ðxÞ and span-

wise ðyÞ directions. No-slip boundary conditions are

applied at the top and bottom channel boundaries. The

numerical method is first applied to a smooth plane

channel flow. The computational domain is 2H in

length, and H in height and width. The mean velocity

profile in the semi-logarithmic format obtained from a
162� 42� 130 grid (in streamwise, spanwise and wall-

normal directions, respectively) is plotted in Fig. 1. The

first grid point near the wall is located at zþ ¼ 1, and
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then stretched out in the wall-normal direction, while in

streamwise and spanwise directions, the grid is uni-

formly distributed. The present LES profile matches well

with the results of LES by Germano et al. (1991) who

employed a pseudo-spectral method to solve the channel

flow at Re ¼ 6100 on a 48� 56� 64 grid. However,

compared with the experiments of Hussain and Rey-
nolds (1975), Wei and Willmarth (1989), and DNS of

Moser et al. (1999), both LES calculations slightly over

predict the velocity in the logarithmic region. The de-

viation (both over-prediction and under-prediction) of

the LES profile from the log-law was also reported by

Najjar and Tafti (1996) in a study of discrete test filters

and finite difference approximations for the DSM. The

effects of discrete test filters applied in physical space on
the dynamic constant and the interaction of the dynamic

procedure with finite difference approximations to the

governing equations were investigated. They found that

the inclusion of the dynamic model would not always

result in better predictions of the flow field. At the same

time, the model and numerics were intimately inter-

twined and it maybe difficult and impractical to isolate

one from the other. This discrepancy was not pursued
further in the current study.

Fig. 2 shows the channel geometry with repeated ribs.

A Cartesian grid, shown in Fig. 3, is used with a finer

spacing close to the channel walls and ribs to resolve the

near-wall flow. Two-dimensional ribs of same height

and width are uniformly distributed on the lower wall.

The rib height k is 10% of the channel height H . For d-

type roughness, 10 ribs are distributed on the lower wall,
making the pitch ratio w=k ¼ 1. The computational

domain remains 2H � H � H (length� height� width).

Simulations are performed on two grids: 162� 42� 66

and 162� 42� 130. The results from the two meshes are

quite close, so the grid spacing from the 162� 42� 66

mesh (first grid point is 0:002H away from the rib sur-

faces in all directions) is employed for all three types of

roughness. Depending on the local friction velocity, it

falls into a range of 0.2–2 in terms of wall units. There

are 20 cells from the bottom of the channel to the top of

the rib and 46 cells from the rib top to the channel top.

In the spanwise direction, uniform grid is used with a

resolution of 27 wall units based on the friction velocity

on the top smooth surface.
For intermediate and k-type roughness, it was found

from two-point correlations that the simulation domain

of 3H � 2H � H must be used to resolve large-scale

energy containing eddies. With this domain size, inter-

mediate roughness is represented by six ribs with a pitch

ratio of 4, while k-type roughness is represented by three

ribs with a pitch ratio of 9. A grid size of 122� 82� 66,

which yields the optimal grid spacing determined pre-
viously, is used for these two simulations.

Fig. 2. Three-dimensional geometry of channel flow with repeated ribs

(k-type).

Fig. 3. (a) Computational grid for channel flow with repeated ribs

(k-type); (b) refined mesh around rib.
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Fig. 1. Mean velocity profile in wall coordinates for plane channel

flow.
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3. The mean flow

3.1. Mean velocity profiles and streamlines

Time and spanwise averaged velocity profiles are

displayed in Fig. 4. The time-averaging is performed on

5000 samples over a period of about 3 large-eddy

turnover time (H=us, where us is the friction velocity on

the top wall) after the flow reaches a ‘‘quasi-steady’’

state. For d-type roughness, the velocity profiles appear

similar regardless of streamwise location. They resemble

the velocity profile in a flat channel with a reduced
height of H � k. The roughness layer has little impact on

the core flow except that the ribs block the mass flow

within the roughness layer, displacing the flow up by a

distance of the rib height. The velocity magnitude in the

cavities between the ribs is small.

Intermediate roughness disturbs the mean flow to a

greater extent. Velocity profiles at various locations

differ significantly. The flow responds to expansion and
contraction of the flow passage with deceleration and

acceleration. Separation zones behind the ribs are longer

than for d-type roughness where they are necessarily of

length W . The location of maximum velocity shifts to-

ward the upper wall.

For k-type roughness, the velocity distributions de-

pend on the streamwise location. Separation, reattach-

ment, and further detachment occur in the grooves

between the ribs. The ribs alter the flow in the entire

channel and the maximum velocity occurs much closer

to the top wall. The results clearly show the effectiveness
of k-type roughness in augmenting the momentum (and

heat and mass) exchange between the roughness layer

and the outer flow.

Streamlines for the three types of rib roughness are

displayed in Fig. 5. For d-type roughness, the portion

from x=H ¼ 0:8 to 1.2, including the 5th and 6th ribs, is

shown. Streamlines beyond the rib height are nearly

parallel. A vortex fills the cavity between the two ribs.
For intermediate roughness, a vortex of the same size as

the groove is formed between the ribs. This vortex pre-

vents the outer flow from reattaching to the channel

floor within the groove. A smaller vortex with opposite

Fig. 4. Mean velocity vectors at different locations in the channel:

(a) d-type roughness; (b) intermediate; (c) k-type roughness.

Fig. 5. Mean streamlines for (a) d-type roughness, (b) intermediate

roughness, and (c) k-type roughness.
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circulation is found in the lower corner behind the rib.

Streamlines above the cavity are still nearly parallel

except near the rib. Streamlines for k-type roughness

reveal four separation zones associated with the ribs. A
small separation zone is formed on the rib top as the

sharp front edge of the rib deflects the flow from the

previous groove. A large separation region is down-

stream of the rib, accompanied by a small vortex at the

lower corner behind the rib. Flow reattaches to the

channel floor within the groove and detaches again,

forming a vortex upstream of the next rib. Interestingly,

the reattachment point is about four times the rib
height, the rib spacing in the intermediate roughness

case. Though streamlines far away from the ribs are

nearly parallel, in the lower half of the channel they

undulate in response to rib geometry. A free shear layer

is located above the separation region and downstream

of the rib.

3.2. Comparisons with experimental measurements

Mean streamwise velocity profiles on the rib top and

in the middle of the cavity between the ribs are com-

pared with measurements of Okamoto et al. (1993) and

by Djenidi et al. (1999) in boundary layers. The mea-

surements were made at points beyond the roughness

height. They are normalized by the free stream velocity

and boundary layer thickness. For meaningful com-
parisons, the present channel flow results are normalized

by the maximum streamwise velocity and distance to the

maximum velocity. The Reynolds numbers in the mea-

surements are recalculated on the basis of characteristic

velocity (bulk velocity) and length scale (five times the

rib height, which is the half channel height) used in the

present LES simulations.

For d-type roughness, measurements of Djenidi et al.
(1999) are available only at the cavity center. Measure-

ments by Okamoto et al. (1993) are available at both at

cavity center and the rib top. In the cavity, the velocity

starts with a negative value, indicating reversed flow. It

reaches minimum at z=H ¼ 0:02, then increases almost

linearly to rib height (Fig. 6). Flow within the cavity is

similar to the two-dimensional lid-driven cavity flow at

low Reynolds number, since the velocity magnitude in-
side the cavity is quite small. Outside the cavity, the

velocity grows quickly in a short distance through a thin

shear layer. Present LES results match well with the

measurements of Djenidi et al. (1999). Both differ from

measurements of Okamoto et al. (1993). Streamwise

velocity approaches its maximum at z=H ¼ 0:62. A

comparison of the velocity profiles at the rib center (Fig.

6(a)) and in the cavity (Fig. 6(b)) from either Okamoto
et al. (1993) or the present results indicates they are al-

most the same. The ribs generate disturbances in the

main flow more like a single object on the channel floor

rather than as individual ribs. The rib effect on velocity

is seen in the slightly asymmetric profile with a maxi-

mum at z=H ¼ 0:62. The primary effect is that mass flow
is blocked by the ribs.

Fig. 7 compares streamwise velocity with measure-

ments of Okamoto et al. (1993) with intermediate

roughness, with w=k ¼ 4. In the cavity, the magnitude of

negative velocity is larger than in d-type roughness,

implying stronger reversed flow. After a negative mini-

mum very close to the bottom wall the velocity increases

gradually to a maximum at z=H ¼ 0:8. The ribs push the
location of the maximum velocity much closer to the top

wall than in d-type roughness. At the rib center, the

velocity profile differs significantly from that in the

cavity. Flow becomes more sensitive to streamwise lo-

cation. Present LES is in good agreement with the

measurements, suggesting that the Reynolds number

effects are less pronounced than for d-type roughness.

This is also found from experimental studies, and is to
be expected from the fact that with d-type roughness the

flow resembles that in a smooth channel and there is a

comparatively larger surface area for viscous effects to

act on.

Velocity profiles for k-type roughness are presented

in Fig. 8. At the cavity center, the flow has just reat-

tached to the bottom, so there is no negative velocity at

the midpoint. At the rib center, a small portion of re-
versed flow is found due to detached flow from the

(a)

(b)

Fig. 6. Comparisons of mean streamwise velocity profiles with exper-

imental data at cavity and rib for d-type roughness: (a) at cavity; (b) at

rib.
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previous cavity. Flow accelerates over the rib due to

contraction of the cross-section. A velocity overshoot is

formed above the rib. The calculations agree well with

the measurements, again implying little Reynolds num-
ber effects for k-type roughness.

3.3. Regions affected by surface roughness

Though the flow field changes dramatically on the

lower wall due to the ribs, the mean velocity profiles are

not significantly affected beyond some distance from the

bottom wall. Fig. 9 shows velocity profiles at four
streamwise locations; the distance x is measured from

the back face of the upstream rib and x=w ¼ 0:5 is at the

center of the cavity between the ribs. For d-type

roughness, all velocity profiles collapse on each other

right above the rib top. For intermediate roughness,

velocity profiles become indistinguishable beyond z=H
of about 0.2. For k-type roughness, this region extends

to about z=H of 0.4. These observations suggest that the
flow over rough surfaces may be divided into two dis-

tinct regions: an inner region where the flow strongly

depends on the roughness geometry, and an outer one

where it is essentially independent of the wall geometry.

The beginning of the outer region is strongly related to

the roughness geometry and Reynolds number.

Fig. 9 also sheds some light on limits of conventional

modeling of flow over rough walls. In the so-called wall

functions approach to using turbulence models in Rey-

nolds averaged Navier–Stokes equations, the near-wall

flow is not resolved and boundary conditions for ve-

locity and turbulence parameters are imposed in this

outer layer where the flow has lost memory of the spatial

structure of the roughness. Clearly, the present LES
results suggest that such an approach is justified only if

it is applied at quite large distances in the case of k-type

roughness. This point is discussed further in a later

section.

3.4. Wall shear stress and pressure

Fig. 10 shows the wall shear stress distributions
between successive ribs. The friction coefficient, Cf , is

defined as

Cf ¼
sw

1
2
qU 2

b

ð6Þ

where the wall shear stress sw is calculated in the usual

way, from the slope of the velocity profile at the wall.

The x-axis starts from the back face of the upstream rib.

It extends upstream along the back face, the top and the

front face, and goes downstream until the front of the

(a)

(b)

Fig. 7. Comparisons of mean streamwise velocity profiles with exper-

imental data at cavity and rib for intermediate roughness: (a) at cavity;

(b) at rib.

(a)

(b)

Fig. 8. Comparisons of mean streamwise velocity profiles with exper-

imental data at cavity and rib for k-type roughness: (a) at cavity; (b) at

rib.
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downstream rib. The distance is normalized by the rib

height k.
For d-type roughness, where the cavity is filled with

separated flow, Cf is negative on the entire cavity floor.

The reversed flow is very weak, and the magnitude of Cf

is quite small compared to intermediate and k-type

roughness. On the rib top, d-type roughness shows

positive Cf values, highest among the three roughness

types. For intermediate roughness, Cf has a small posi-

tive value up to x=k ¼ 0:6 due to the small vortex in the
lower corner behind the rib rotating in opposite sense to

the main vortex (Fig. 5(b)) and becomes negative, with a

minimum at x=k ¼ 2:3, over the rest of the cavity. For k-
type roughness, Cf changes sign several times. It begins

with a small positive value in the small separation

zone at the lower corner behind the rib (Fig. 5(c)),

turns negative at x=k ¼ 0:6 with a minimum at x=k ¼
2:3, and then positive at x=k ¼ 4:3 as the flow reattaches
to the floor, and finally negative again at x=k ¼ 7:0,
due to separation in front of the downstream rib. On the

rib top, Cf takes negative values indicating flow sepa-

ration.

Fig. 11 displays the pressure distribution (including

the mean pressure gradient oP=ox) on the groove floor.

The pressure coefficient, Cp, is defined as

Cp ¼
p � pref
1
2
qU 2

b

ð7Þ

The pressure at the rear corner of the upstream rib is

chosen as the reference pressure. For d-type roughness,

the pressure is almost uniform and quite small in the

cavity. For intermediate and k-type roughness, the flow

experiences strong acceleration and favorable pressure

C
p

-3 -2 -1 0 1 2 3 4 5 6 7 8 9
-0.1
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Fig. 11. Wall pressure distribution between consecutive ribs.

(a)

(b)

(c)

Fig. 9. Mean streamwise velocity profiles at different locations for (a)

d-type roughness, (b) intermediate roughness, and (c) k-type rough-

ness.

x/k
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Fig. 10. Wall shear stress distribution between consecutive ribs.

J. Cui et al. / Int. J. Heat and Fluid Flow 24 (2003) 372–388 379



gradient on the rib top. This trend remains until

x=k ¼ 1:2 in spite of the cross-sectional area expansion

downstream of the rib. The pressure gradually becomes

adverse in the rest of the cavity. The pressure coefficient
on the front face of the rib is quite high for k-type and

intermediate roughness because of flow impingement.

On the back face of the rib, a recirculation region is

formed and both Cp and Cf are essentially zero for all

three types of roughness.

3.5. Turbulence intensities

Turbulence (rms) intensities in the streamwise and

wall-normal directions at the center of the cavity in

d-type roughness are shown in Fig. 12 along with

experimental data. Urms and Wrms are defined asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hð�uu� h�uuiÞ2i

q
=Ub and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hð�ww� h�wwiÞ2i

q
=Ub, respectively,

where h�i stands for time and spanwise average. The

calculated Urms is small inside the cavity with a peak
located close to the floor. It increases rapidly to a

maximum of 0.15 and decreases gradually to a minimum

at z=H ¼ 0:68. As expected, Urms reaches a second peak

close to the top wall of the channel before decreasing

toward the wall. The two peaks have about the same

value, as in a flat channel. The minimum between the

two peaks, however, shifts upward due to the effect of

the ribs. The calculated peak value above the rib mat-

ches well the experiment of Djenidi et al. (1999). The

measured Urms drops more quickly and to a lower value

than in the present calculation. The difference is due by

the fact that the experimental measurements were made
in boundary layer flow, where the turbulence intensities

vanish outside the boundary layer. The Reynolds num-

ber effect causes the measurements of Okamoto et al.

(1993) to differ from both the current LES results and

the measurements of Djenidi et al. (1999).

The peak value of turbulence in the vertical direction,

Wrms, for d-type roughness (Fig. 12(b)) is much smaller

than that of Urms. Like the streamwise component, Wrms

grows quickly from a small value within the cavity to a

maximum just above the rib height. It has another peak

close to the top wall. Between the peaks, the minimum is

at z=H ¼ 0:64. In contrast to Urms, the peak value of

Wrms above the rib height is higher than that close to the

top wall, indicating a larger effect of the ribs on the

vertical fluctuations than on the streamwise component.

For intermediate roughness, the peak values of Urms

at the groove and rib are higher than those near the top

wall (Fig. 13). The peak value over the rib is slightly

higher than that at the cavity. The calculated Urms

matches the experimental data well in the area above the

rib height. In the upper half of the channel, the mea-

surements drop more quickly than in the present simu-

lations because the experimental data is from a

(a)

(b)

Fig. 12. Comparisons of mean streamwise and vertical turbulence

intensities with experimental data at cavity for d-type roughness:

(a) streamwise component Urms; (b) vertical component Wrms.

(a)

(b)

Fig. 13. Comparisons of mean streamwise turbulence intensities with

experimental data at cavity and rib for intermediate roughness: (a) at

cavity; (b) at rib.
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boundary layer while the simulations are for channel

flow.

Streamwise turbulence intensity is quite large within

the cavity for k-type roughness (Fig. 14), indicating

penetration of the outer flow deep into the cavity. The

ribs intensify the mixing between the flow in the cavities

and the outer flow. The highest value of Urms is found at
the rib top (Fig. 14(b)), where there is an intense shear

layer and local acceleration. The ribs push the minimum

Urms between the peaks to z=H ¼ 0:86, indicating the

effectiveness of k-type roughness in promoting mixing

with the outer flow in the channel.

Fig. 15 shows contours of streamwise turbulence in-

tensity Urms. For d-type roughness, Urms in the cavity is

negligible. Urms quickly grows to a maximum slightly
above the rib height. The contours are almost parallel.

For intermediate and k-type roughness, distributions of

Urms are similar. Peak values are located at the rib top.

This is due to acceleration and strong shear at the rib top.

Some local maximum Urms values are found at the top of

the main separation zone behind the upstream rib. They

are related to the shear layer originating from the rib

edge and riding above the separation region. Contours
with high Urms are closer to the channel floor, and peaks

are higher for k-type than for intermediate roughness.

Fig. 16 shows that the spanwise turbulence intensity,

Vrms, is enhanced by the ribs. For d-type roughness,

though Vrms magnitude in the cavity is small, compared

with outer flow value, it is no longer negligible. For

intermediate roughness, the peak value 0.34 lies at the

lower corner in front of the rib, where streamwise flow is

blocked by the rib. The Vrms maximum is even higher

than the Urms peak. For k-type roughness, the highest
Vrms value is also ahead of the rib. High Vrms values are

also found at the rib top, near the reattachment point in

the cavity, and close to the rib front edge.

Vertical velocity fluctuations are displayed in Fig. 17.

For d-type roughness, the peak value is at the upper

corner in front of the rib. This relates to the flow motion

into and out of the cavity. For intermediate and k-type

roughness, high Wrms values are found in front of the rib,
and above the main separation zone inside the cavity.

For all three roughness types, Wrms is small near the floor

in the cavity, indicating weak vertical motions.

Fig. 18 shows contours of the Reynolds shear stress

�u0w0, which is defined as �hð�uu� h�uuiÞð�ww� h�wwiÞi=U 2
b .

For d-type roughness there is nearly no contribution to

the Reynolds shear stress in the cavity. Right above the

(a)

(a)

Fig. 14. Comparisons of mean streamwise turbulence intensities with

experimental data at cavity and rib for k-type roughness: (a) at cavity;

(b) at rib.

Fig. 15. Mean Urms=Ub contours: (a) d-type roughness; (b) interme-

diate; (c) k-type roughness.
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rib, the shear stress reaches a maximum quickly, then

drops slowly to the channel center. The increase in the

Reynolds stress near the downstream end of the cavity is

consistent with the experimental observation by Djenidi

et al. (1999). The peak value of �u0w0 at the front edge of
the rib (Fig. 18(a)) suggests the increase is associated

with the inflows and outflows occurring in this region.
For intermediate and k-type roughness, the peak �u0w0

values appear at a downstream distance of about three

rib heights and are located above the separation region.

Within the recirculation zone behind the rib, the values

of �u0w0 are low.

4. Analysis of ribs as surface roughness

4.1. Resistance components

Resistance to the flow in the channel with rib

roughness comprises pressure and friction components.

Pressure drag is computed from the pressure difference

between the front and back of the ribs. Friction drag on

the lower wall includes that from the groove and the rib

top. Table 1 summarizes the calculated drag compo-

nents for a plane channel and the channel with the three
types of roughness. The last column in the table shows

the pressure force that was imposed to yield a Reynolds

number of 10,000 in all cases.

The d-type roughness gives a pressure drag twice that

of friction drag. Total drag from the bottom wall (sum

of pressure and friction drag) is twice that of the bottom

wall in a flat channel (¼ 0.005, see Table 1). The con-

tribution from the top wall (there is no pressure drag on
top wall) is slightly higher than in the flat channel case.

The total drag with d-type roughness is considerably

higher than for the flat channel. For intermediate and k-

type roughness, due to reversed flow in the separation

zone behind the rib, the friction drag from the bottom

wall is no longer a ‘‘drag’’ force, and is in the direction

of the mean flow. The friction drag is negligible com-

pared to the pressure drag. For these two types of
roughness, pressure drag is more than 90% of total drag

Fig. 16. Mean Vrms=Ub contours: (a) d-type roughness; (b) intermedi-

ate; (c) k-type roughness.

Fig. 17. Mean Wrms=Ub contours: (a) d-type roughness; (b) interme-

diate; (c) k-type roughness.
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of the channel. Most of the remaining drag is attributed

to friction on the upper wall. Of the three roughness

types, k-type roughness has the highest drag, almost

four times that of d-type roughness. As noted above, the

last column of Table 1 is the imposed pressure force

driving the mean flow. In all cases, the pressure force

imposed to drive the mean flow balances total drag

from lower and upper surfaces, further validating the

numerical method and indicating sufficient sampling

times.

4.2. The law of the wall and roughness function

The effect of surface roughness on the mean velocity

distribution in a turbulent wall-bounded flow is repre-

sented by

U=us ¼
1

j
lnðzus=mÞ þ B� DB ð8Þ

where z is measured from a virtual origin of the rough

wall, us is the friction velocity, and DB is the roughness

function. The virtual origin and roughness function de-
pend on the size and type of roughness and both have to

be determined by experiment.

The present LES simulations offer an opportunity to

determine these quantities for rib roughness. The time

and spanwise averaged velocity profiles described in

Section 3 were further averaged in the streamwise di-

rection, from one rib center to the next, to obtain the

velocity profile to be plotted in the format of Eq. (8).
These are shown in Fig. 19. The location where this

velocity is zero is defined as the virtual origin of the

rough surface. For d-type, intermediate, and k-type

roughness it is located at z0=H ¼ 0:062, 0.053, and

0.028, respectively, where z0 is measured from the bottom

of the rib. The effective friction velocity us to be used in

Eq. (8) was similarly determined from the total resis-

tance, including the pressure and friction components,
shown in Table 1. For example, divide the sum of the

pressure drag and friction drag (already normalized by

qU 2
bH ) of the lower boundary of the d-type roughness

by the surface area to obtain the average stress on the

lower surface, then take square root to obtain the fric-

tion velocity us. Fig. 20 shows the time and space

averaged velocity profiles plotted in law-of-the-wall

coordinates. This is perhaps the most surprising result of
the LES simulations because in all three cases the ve-

locity profile shows the constant downward shift (same

Karman constant, j) in the logarithmic region, enabling

the direct determination of the roughness function, DB!
Table 2 lists the virtual origin and roughness func-

tions for the three rib configurations. Also included in

Fig. 18. Mean Reynolds shear stress �u0w0 contours (normalized by

U2
b ): (a) d-type roughness; (b) intermediate; (c) k-type roughness.

Table 1

Resistance components

Flow Drag force (resistance) Imposed force

Lower boundary Upper boundary Total

Pressure drag Friction drag

Plane channel 0.0 0.005 0.005 0.01 0.01

d-Type roughness w=k ¼ 1 0.0072 0.0032 0.006 0.0164 0.0164

Intermediate roughness w=k ¼ 4 0.0415 )0.0026 0.0067 0.0456 0.0460

k-Type roughness w=k ¼ 9 0.0526 )0.0002 0.0074 0.0598 0.0600

Note. Forces are per unit width of channel, and are normalized by qU 2
bH .
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the table is the equivalent sand grain roughness,
kþs ¼ ksus=m, determined from the following correlation

by Cebeci and Bradshaw (1977) of the famous data of

Nikuradse (1950):

DB ¼ B
�

� 8:5þ 1

j
ln kþs

�
� sin½0:4285ðln kþs � 0:811Þ
 ð9Þ

for 2:25 < kþs < 90, with B ¼ 5:2 and j ¼ 0:42. For large
roughness, kþs > 90, this formula reduces to that given in

Schlichting (1979).

From Table 2 it is seen that the virtual origin for d-

type roughness is closer to the top of the rib than in the

other two cases. These trends are consistent with the

spatial structure of the flow described earlier (see Fig. 9).

The roughness function for k-type roughness is much

larger than for d-type roughness. The difference between
the roughness function of k-type and intermediate

roughness is small. This suggests that there exists an

optimum value of the pitch ratio that maximizes the

interaction between the roughness layer and the outer

flow. Okamoto et al. (1993) found that this optimum
ratio was 9 in their experiment, as it gave maximum

turbulence and heat transfer augmentation, and hence

the highest heat transfer coefficient. The present LES

results tend to confirm this experimental observation.

The equivalent sand grain roughness for the three rib

configurations shows that intermediate and k-type

roughness are much more effective in generating resis-

tance than sand grain roughness. For example, sand
grains of height 5:9k (0:59H ) along the entire lower wall

of the channel would be needed to produce the resis-

tance generated by only two ribs of height k! This result
shows just how crude is the concept of equivalent sand

grain roughness.

Fig. 20. Averaged streamwise velocity profiles in logarithmic format:

(a) d-type roughness; (b) intermediate; (c) k-type roughness.

Fig. 19. Averaged mean velocity profiles: (a) d-type roughness; (b)

intermediate; (c) k-type roughness.
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5. Instantaneous velocity field

Fig. 21 shows instantaneous velocity vectors in six

ðx; yÞ planes for k-type roughness. At z=H ¼ 0:02 from

the bottom surface (Fig. 21(a)), random turbulent mo-

tions caused by the ribs are observed over the entire

plane. Many downstream and upstream traveling ed-

dies imply the presence of multiple separation regions.
Spanwise motions occur frequently, especially in front of

the ribs. Fig. 21(b) is at z=H ¼ 0:09, directly below the rib

top, and Fig. 21(c) is at z=H ¼ 0:12, directly above. These
two plots show the rapid change of flow field caused by

the ribs near the rib top. They appear to be correlated.

Above the rib, higher velocities are populated with few

spanwise motions. The existence of upstream motions

indicates the presence of separation zones beyond the

cavity between the ribs, but they are weak. Away from

the rib top the reversed flow vanishes at z=H ¼ 0:25 (Fig.
21(d)). However, the flow field still shows correlation to

the two ribs. Stronger motions are concentrated above

the ribs. At the channel center (Fig. 21(e)), the vector plot
displays little correlation with the ribs and the velocity

field is dominated by the streamwise flow. Close to the

top wall (Fig. 21(f)), the flow is quite smooth and without

any reversal of direction. Some streaky structures exist,

similar to those in flat channel flow.

Fig. 21. Instantaneous velocity vectors in six ðx; yÞ planes at z=H ¼ 0:02 (a), 0.09 (b), 0.12 (c), 0.25 (d), 0.50 (e), 0.9 (f), for k-type roughness.

Table 2

Virtual origins and roughness functions

Roughness z0=H z0=k zþ0 DB kþs ks=k

d-Type 0.062 0.62 89.3 3.6 16.1 0.1

Intermediate 0.053 0.53 147.8 13.2 891 3.2

k-Type 0.028 0.28 90.6 15.0 1891 5.9

Note. z0 is measured from the bottom of the ribs.
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The instantaneous velocity vectors at three spanwise

locations are plotted in Fig. 22. Velocity overshoot

above the rib top is confirmed in these figures, e.g., Fig.

22(a). The strong favorable pressure gradient accelerates
flow on the rib top. Multiple separation regions are

formed in front of and behind the ribs, with their size

and shape varying greatly in spanwise and streamwise

directions. Some of these separation regions are found

well beyond the cavity between the ribs. Circulation

generated by these separation zones brings faster fluid

into the cavity and takes slower fluid into the outer flow.

Interaction between flow within the roughness layer and
the outer flow is significantly intensified by rib rough-

ness.

Instantaneous velocity vectors at six streamwise lo-

cations are shown in Fig. 23. At the rib top (Fig. 23(a)),

strong vortical structures are found directly above the

rib. Slightly downstream of the rib (Fig. 23(b)) there is

an ‘‘interface’’ at rib height. Above this interface, vor-

tical structures from the upstream rib top persist at

about the same height. Below the interface, some

spanwise motions begin to appear. At x=k ¼ 1:9 (Fig.

23(c)), the interface disappears due to flow mixing across
it. Strong vortical structures are located close to the

cavity floor. At x=k ¼ 4:2 (Fig. 23(d)) and x=k ¼ 6:6
(Fig. 23(e)), close to the mean reattachment and de-

tachment points (refer to Fig. 5(c)), respectively,

downward and upward flows are expected. However,

these two snapshots do not show the dominance of such

motions. This suggests that reattachment and detach-

ment points vary significantly in location, and can be
determined only statistically. Fig. 23(f) is at x=k ¼ 8:8,
immediately in front of the downstream rib. The near-

wall flow is dominated by strong spanwise motion due

to the rib blockage effect.

Similar analysis of d-type roughness does not provide

more insight into the turbulent structures associated

with the ribs because the interaction between the flows

inside and outside of the roughness layer is quite weak
even in the instantaneous plots compared with the other

two roughness types. The characteristics of the instan-

taneous flow field of intermediate roughness are similar

to those of k-type roughness with some variations in

intensity.

6. Conclusions

The present LES calculations agree with the rib

roughness classifications that were made on the basis

of laboratory experiments. Based on pitch ratio, rib
roughness is divided into d-type and k-type. Closely

spaced ribs result in d-type roughness. The cavity be-

tween the ribs is filled, in a time-average sense, by a

relatively weak eddy that does not interact with the flow

outside the roughness layer. The limit of d-type rough-

ness appears to be a pitch ratio of 4, when the eddy just

fills the gap between the ribs, and reattachment occurs at

the top front of the downstream rib. We have used the
term intermediate roughness to describe this case. A k-

type roughness is associated with pitch ratios greater

than 4. Then the main eddy in the groove between the

ribs is about 4 rib heights long, and there are several

smaller eddies. This type of roughness leads to strong

interaction between the flow in the roughness layer and

the outer flow.

The LES simulation shows that surface roughness
elements in the form of ribs impose their own charac-

teristic length scales (rib height and cavity length) on

near-wall flow structures. In addition to general length

and time scales for channel flow, length and time scales

related to roughness elements must be taken into ac-

count to properly describe the flow close to and within

the roughness layer.
Fig. 22. Instantaneous velocity vectors in three ðx; zÞ planes at

y=H ¼ 0:5 (a), 1.0 (b), 1.5 (b), for k-type roughness.
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It is shown that LES can be used to identify the

pressure and frictional components of resistance in a rib-
roughened channel. A particularly noteworthy result is

that time and space averaging of the grossly three-

dimensional, unsteady and spatially varying structure of

this complex flow leads to the classical semi-logarithmic

velocity distribution, displaced from the law of the wall

for smooth walls by the so-called roughness function. In

fact, the roughness function and location of the associ-

ated virtual origin of the rough wall can be determined
by LES. This creates the interesting possibility of using

LES to explore parametric variations in rib roughness,

and indeed other types of roughness, and determining,

for the first time, the connection between roughness

geometry and its gross effect on the outer flow as man-

ifested in the simplified concepts of roughness functions

and equivalent sand grain roughness.

It is commonly believed that for d-type roughness,
the roughness function is related to the pipe diameter d

(or channel height H , or boundary layer thickness d),
and this is the reason why it is named d-type. The pre-
sent LES calculation and experiment by Djenidi et al.

(1999) suggest that the flow structures near the rough-

ness elements also depend on the rib height k. For in-

termediate and k-type roughness, strong dependency on

roughness height k is apparent. However, flow far away

from the roughness element is also affected. This is

consistent with the experimental measurements of

rough-wall turbulent boundary layer by Krogstad et al.
(1992). The fact that roughness effects extend into most

of the flow has significant implications for RANS type

modeling. The observation that the ribs on the bottom

wall influence the resistance on the top wall of the

channel suggests a large scale interaction between the

flow in the roughness layer and the outer flow. In turn,

this indicates that the flow over roughness involves more

scales than just d or k, and the conventional naming of
the roughness type is an over simplification. A more

Fig. 23. Instantaneous velocity vectors in six ðy; zÞ planes at x=k ¼ �0:5 (a; the rib top), 0.2 (b), 1.9 (c), 4.2 (d), 6.6 (e), 8.8 (f), for k-type roughness

(the distance x is measured from the back face of the upstream rib).
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systematic and comprehensive classification of flow over

rough surfaces needs to be developed, and LES can be of

great value in such studies.
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