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Abstract

The characteristics of a turbulent flow in channels with two-dimensional ribs and three-dimensional blocks are investigated in the
context of surface roughness effects. Reynolds-averaged Navier–Stokes equations, coupled with the k–x turbulence model with near-wall
treatment, are solved by a finite-volume method. Calculations are carried out for ribs with square, triangular, semicircular and wavy
cross-sections over a range of rib spacing (pitch) and Reynolds numbers. The pitch that yields maximum resistance is identified for each
roughness. For all cases, the space-averaged velocity profile exhibits a logarithmic region, with a roughness function that varies logarith-
mically with the roughness Reynolds number. The roughness function depends on the rib shape and pitch ratio but is independent of the
absolute rib size. Analysis with three-dimensional blocks reveals similar but more complex behavior. A logarithmic region exists in the
velocity profile but with much smaller block heights compared to ribs. The different block arrangements exhibit quite distinct flow char-
acteristics but the differences tend to vanish as the block height decreases. In general, a Reynolds-averaged numerical model successfully
describes the principal features of wall roughness that have hitherto fore been the purview of experimental correlations. Part II of the
paper extends the model to study heat transfer from a rough surface.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Turbulent flow over surfaces roughened by simple geo-
metric elements, such as two-dimensional spanwise ribs or
discrete three-dimensional protuberances, continue to be of
interest in fluids engineering from several perspectives (Sch-
lichting, 1979). Regular roughness elements are routinely
used for heat transfer enhancement (Webb et al., 1971; Spar-
row and Tao, 1983). They are also used to study surface
roughness effects, in general, as they are easily reproduced
in the laboratory and modeled in numerical experiments.
Measurements on ribbed surfaces, for example, have pro-
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vided considerable insight into the mechanisms by which
surface roughness effects are felt in the interior of the flow.
Of particular concern in practical engineering applications
is the existence of similarity laws, principal among which is
the logarithmic velocity distribution, upon which friction
factor and heat transfer correlations are based.

At sufficiently large distance from the roughness ele-
ments, the effect of the individual elements vanishes and
the net effect on the velocity profile is felt as reduction in
the constant B in the logarithmic law. This change in the
constant, B, known as the roughness function, depends
not only on the roughness size but also on its geometry
(Schlichting, 1979). In the case of ribs, for example, the
roughness function depends on their shape and pitch (spac-
ing between adjacent ribs). Numerous attempts have been
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Nomenclature

b,c length (streamwise) and width (spanwise) of
roughness block, Fig. 10

DB roughness function, downward shift in the loga-
rithmic velocity profile

Cp pressure coefficient ¼ p�pref
1
2qU2

b

� �
d spanwise spacing of blocks, Fig. 10
De hydraulic diameter, 2H

f Darcy friction factor ¼ 8sx

qU2

� �
H channel height
h rib height
h+ roughness Reynolds number ¼ hus

m

� �
k turbulence kinetic energy (¼ uiui=2Þ
pref reference pressure, the pressure on top of rib,

Eq. (6)
p̂ normalized pressure ¼ p�pref

qU2
b

� �
R+ roughness correlation, Eq. (9)

Red;ReDe
Reynolds number ¼ �Ud

m or UbDe

m

� �
U average velocity between wall and the point of

velocity maximum

Ub bulk velocity
Ul space-averaged streamwise velocity

us space-averaged friction velocity ¼
ffiffiffiffiffiffiffiffiffi
sx=q

p� �
u+ non-dimensional velocity ð¼ U l=usÞ
w rib or block pitch, Figs. 1 and 10
x,y,z streamwise, normal, and spanwise coordinates,

Figs. 1 and 10
y+ non-dimensional normal distance ð¼ yus

m Þ
y0 location of zero space-averaged velocity, virtual

origin

Greek symbols

d distance from wall to the point of velocity max-
imum

m; mt kinematic viscosity, eddy viscosity
q density
x specific dissipation rate
sw local wall shear stress ¼ lou

oy

			
w

� �
sx space-averaged wall shear stress, Eq. (6)
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made to correlate the effects of different types of roughness
with the classical experiments of Nikuradse (1950) on sand-
grain roughness.

Dvorak (1969) summarized the previous work on rib
roughness and proposed a relation between the rib pitch
and the roughness function. Perry et al. (1969) experimen-
tally obtained the roughness function for a boundary layer
developing on a surface with distributed ribs. They were the
first to make the distinction between the so-called d- and k-
type roughness depending on whether the dominant param-
eter is the boundary-layer thickness (or pipe diameter, d) or
the rib height (k). Since then a number of experimental stud-
ies (Jimenez, 2004) have been conducted to better under-
stand the details of the flow over ribbed surfaces.

More recently, advances in turbulence modeling have led
to studies of rib roughness using different numerical meth-
ods. For example, Cui et al. (2003a,b) used large-eddy sim-
ulations (LES) to compute the flow in a two-dimensional
channel with ribs with various pitch to height ratios. They
showed that a logarithmic layer exists in the space-averaged
velocity distribution some distance above the ribs. They also
identified the location of the so-called virtual origin with the
position of zero space-averaged velocity. Similar studies are
reported by Miyake et al. (2002) and Ikeda and Durbin
(2002) using direct numerical simulation (DNS).

The importance of similarity laws in engineering correla-
tions of friction and heat transfer mentioned above, and
the success of these recent numerical studies suggest that
a more comprehensive numerical investigation would yield
useful insights into the effects of discrete roughness ele-
ments on these parameters. As neither LES nor DNS are
cost effective for such purposes, here we use a numerical
model based on the Reynolds-averaged Navier–Stokes
(RANS) equations and an established two-equation turbu-
lence model to study the effect of different types of discrete
roughness on the velocity profile and related correlations.
In particular, the existence of a logarithmic layer is exam-
ined and the relevant parameters are identified. Although
the RANS approach is not suitable for capturing the flow
unsteadiness due to large-eddy motions, it is quite adequate
for the present study in which only the mean quantities,
both in time and space, are of interest. Calculations are car-
ried out for two-dimensional ribs as well as three-dimen-
sional roughness elements. A brief description of the
numerical model is presented as the various components
are quite well established, and a simple validation study
is performed before describing the principal results.
2. Numerical model and validation

2.1. Governing equations

For steady incompressible turbulent flow, the Reynolds-
averaged equations for conservation of mass and momen-
tum may be written as follows:

Continuity :
ou

ox
¼ 0 ð1Þ

Momentum :
o

ox
uu� ðmþ mtÞ

ou

ox

� �
¼ � 1

q
op
ox
þ o

ox
mt

ou

ox

� �
ð2Þ



Fig. 1. Schematic of two-dimensional rib-roughened channels and com-
putational domain: (a) square rib; (b) triangular rib; (c) semicircular rib;
(d) wavy wall.
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where u is the velocity component in x-direction, p is pres-
sure, m is kinematic viscosity, and mt is the eddy viscosity
obtained from the turbulence model.

Among several variations of widely used two-equation
turbulence models, the low Reynolds-number (near-wall)
version of the k–x model of Wilcox (1998) is adopted to
properly resolve the complex flow behind around the ribs,
following the work of Patel and Yoon (1995). This partic-
ular model is chosen because of its proven robustness and
unambiguous near-wall treatment, two essential attributes
in numerical modeling of separated flow about distributed
ribs. The eddy viscosity is determined from two transport
equations:

Turbulence kinetic energy ðkÞ:
o

ox
uk � mþ mt

2

� � ok
ox

� �
¼ P k � b�kx ð3Þ

Res ¼
k

xm
; b� ¼ 9

100
� 4=15þ ðRes=RbÞ4

1þ Res=Rb
; Rb ¼ 8:0

Specific dissipation rate ðxÞ:
o

ox
ux� mþ mt

2

� � ox
ox

� �
¼ a

x
k

P k � bx2 ð4Þ

a� ¼ 3=125þ Res=Rk

1þ Res=Rk
; Rk ¼ 6:0

a ¼ 13

25
� 1=9þ Res=Rx

1þ Res=Rx

1

a�
; Rx ¼ 2:95; b ¼ 9

125

P k ¼ mt
oui

oxj
þ ouj

oxi


 �
oui

oxj

where Pk is the production of turbulence kinetic energy,
and the eddy viscosity is related to k and x as

mt ¼ a�
k
x

ð5Þ
2.2. Computational domain and boundary conditions

The no-slip condition is applied on the upper and lower
walls of the channel (Figs. 1 and 10). For developed flow
in a long channel with regularly spaced roughness elements,
the flow is periodic in the streamwise direction. Then it
suffices to consider a limited solution domain and impose
periodic conditions at the upstream and downstream
boundaries. For a channel with three-dimensional rough-
ness, plane-of-symmetry conditions are applied at appropri-
ately located spanwise boundaries. The specific dissipation
rate, x is specified at the first grid off the solid surface and
given a value 6m

ð9Dn2=125Þ, where Dn denotes the normal distance
from the wall (Wilcox, 1998). More details on channel geom-
etry, grid and flow conditions are given in later sections.

2.3. Numerical solution procedure

The above equations are solved by a finite-volume
method in a non-orthogonal body-fitted colocated grid.
Second-order accuracy is assured by adopting the central
differencing scheme throughout except for the convective
derivatives that are discretized by the QUICK scheme of
Hayase et al. (1992). The continuity and the momentum
equations, and the model equations for k and x, are solved
iteratively until convergence. The convergence criterion
imposed in the calculation is that the sum of the residuals
of mass source be less than 10�10.

2.4. Validation tests

The major difficulty of model validation in the present
case is the lack of adequately detailed experimental data
for various rib shapes and block arrangements. In view
of this, model validation is focused on two important fea-
tures of the analysis: computation of separated flow and
implementation of a non-orthogonal grid system. The
numerical model outlined above is validated against three
test cases, namely, the backward facing step flow, the flow
over a wavy wall, and the square-ribbed channel flow, for
which previous calculations provide a basis for compari-
son. Other researchers have also used these cases to vali-
date their solution procedures and turbulence models.
Therefore, it suffices to provide a very brief description of
the results.
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Fig. 2. Backward facing step flow for Reh ¼ 28; 000 and db=h ¼ 1:1 at
x=h ¼ �3:8: (a) streamlines and pressure contours; (b) Cf distribution
along the channel.
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For the backward facing step flow, calculations were
performed in a solution domain �3.8 < x/h < 80 with a
grid 180 · 80, in which 30 of the 80 grid points are distrib-
uted in the expanded region, for a Reynolds number (Reh),
based on step height h and the mean inlet velocity, of
28,000. The inlet velocity profile is constructed to match
the turbulent boundary layer of the experiment, i.e., d/
h = 1.1. Fig. 2 shows the overall flow field and the friction
coefficient along the wall downstream of the step. There is
good agreement with the measurements of Vogel and
Eaton (1985). The computed reattachment length of
6.78h also matches well with the experimental value of
6.67h. These results provide a degree of validation of the
numerical method and turbulence model.

The second test case is that of the flow in a channel with
a wavy bottom wall and a flat top wall. This flow is chosen
primarily to validate the numerical model when used with a
generalized non-orthogonal coordinate system. Fig. 3(a)
shows the computation domain that extends over one
wavelength in the streamwise direction. Periodic conditions
are imposed at the upstream and downstream boundaries
of the domain. No-slip conditions are applied at the
top and bottom walls. The wave amplitude (2a) to wave-
length (k) ratio is 0.2, and the Reynolds number based
on the hydraulic diameter (2H) of the channel is 48,000.
Fig. 3(b) and (c) shows the distributions of the friction
and pressure coefficients on the wavy wall, respectively.
Calculations were made with three meshes, namely,
80 · 60, 100 · 80 and 120 · 100. It is found that the
100 · 80 mesh is sufficiently fine to resolve the flow field.
The present results are compared with the measurements
of Buckles et al. (1984) and the LES calculations of Henn
and Sykes (1999). The agreement with the pressure and
friction data deteriorates near the reattachment point,
but the present calculations are found to be in agreement
with LES with respect to the friction distribution.

Finally, the flow over the regularly distributed square
ribs with h/De = 0.1 and w/h = 7.2, where De is the hydrau-
lic diameter, is examined for ReDe ¼ 37; 200. The mean
velocity profiles at various cross-sections plotted in Fig. 4
are seen to be in good agreement with the measured data
of Drain and Martin (1985). The level of agreement is as
good as any model, including more sophisticated ones,
compared at the reference URL. The discrepancy observed
near the top surface of the rib, where the mean velocity
attains a local maximum, was first suspected to be due to
the insufficient grid resolution (100 · 80). An additional
calculation with much finer grid (160 · 150) confirms that
the solution is indeed grid-independent. Interestingly, all
turbulence models compared at the URL fail to accurately
capture this behavior. The two-layer model of Chen and
Patel (1988) may be the only exception that qualitatively
shows the local maximum in the mean velocity in that
region. The results of the standard k–e model with the wall
function are shown in the figure for reference.
3. Results and discussion

3.1. Flow over two-dimensional ribs

Spanwise ribs of three shapes, square, triangular, and
semicircular, are considered, and a wavy wall with the same
height as ribs is included for comparison. They are
mounted on the bottom wall of a two-dimensional channel
as shown in Fig. 1. Calculations are carried out for a range
of Reynolds numbers and rib spacing or pitch (w). The rib
height is held constant at h/De = 0.1, where De is the
hydraulic diameter of the duct (= 2H), i.e., the rib height
h is 20% of the channel height, although there is no special
difficulty about performing calculations for other heights.

Fig. 5 shows the streamlines and isobars of the represen-
tative cases for ReDe ¼ 20; 000 and w/h = 10. The recircula-
tion zones are clearly identified and the flow is seen to
reattach before the following rib (or wave) in all cases.
Of the four cases, the flow over the square rib appears to
be the most complex; since the rib face is perpendicular
to the flow direction, sizable primary and secondary recir-
culation regions form near the front and rear corners at the
rib bottom. The size of the recirculation zone, however, is
largest for the triangular rib and smallest for the wavy wall.
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Fig. 3. Wavy wall flow for 2a=k ¼ 0:2 at ReDe ¼ 48; 000: (a) streamlines and pressure contours; (b) skin-friction coefficient; (c) wall pressure distribution.

Fig. 4. Mean velocity profiles at various cross-stations for square-ribbed channel with h=De ¼ 0:1 and w=h ¼ 7:2 at ReDe ¼ 37; 200.
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It is interesting to note that the flow becomes nearly paral-
lel for y P 4h.

The total resistance or effective friction on the rib-
roughened surface is made up of pressure and skin-friction
forces, and is obtained by surface integration over one
pitch (from one rib to the next):

sx ¼
1

w

Z
S
ðpw � prefÞ~n � îdsþ

Z
S

sw~s � îds
� �

ð6Þ
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where ~n, ~s are unit surface normal and tangent vectors,
respectively, while î denotes the unit vector in the x-direc-
tion. The Darcy friction factor f and the friction velocity
us are then defined by

f ¼ 8sx

qU 2
; us ¼

ffiffiffiffiffiffiffiffiffi
sx=q

p
ð7Þ

where U is the average velocity obtained by integration of
the velocity profile from the lower wall to the velocity max-
imum at y = d (see Fig. 6), which depends on the roughness
and the Reynolds number. The friction velocity defined
above is used to plot the velocity profiles in wall coordi-
nates and explore the existence of the logarithmic layer.

For rough surfaces, the logarithmic velocity profile in
the wall region differs from that on a smooth surface,
and takes the following form:

uþ ¼ 1

j
lnðyþÞ þ B� DB ð8Þ

where j (= 0.418) is the von Karman constant, B is the
smooth-wall constant (= 5.45, Patel, 1965), and DB the
roughness function, which increases with roughness size.
The distance y+ in Eq. (8) is measured from the so-called
virtual origin y0 of the wall, which also increases with
increasing roughness. Eq. (8) may be rewritten as

uþ ¼ 1

j
ln

y � y0

h

� �
þ Rþ ð9Þ

where

Rþ ¼ 1

j
ln

hus

m


 �
þ B� DB ð10Þ

Eq. (9) is valid for all types of roughness such as ribs, uni-
form sand, rivets, threads, etc. For sufficiently large rough-
ness, in the so-called fully rough regime, R+ is constant and
assumes the value of 8.5 for sand-grain roughness (Nikur-
adse, 1950).

Fig. 6 shows the space-averaged streamwise velocity
profiles in physical and wall coordinates for various rib
shapes. When necessary, a four-point bilinear interpolation
is used to obtain the velocity components at desired loca-
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tions from those in the generalized computational grids.
The virtual origin is identified as the point at which the
space-averaged streamwise velocity vanishes and is easily
located as shown in Fig. 6(a). From the velocity profiles,
it is seen that a large portion (�85%) of the channel is influ-
enced by the lower rough boundary. Except for the wavy-
wall case at ReDe ¼ 20; 000, the velocity profiles plotted in
wall coordinates in Fig. 6(b) clearly exhibit a significant
logarithmic region. Also, the logarithmic region begins at
higher y+ and its extent becomes larger when the Reynolds
number is increased. It is noted here that the slope of the
velocity profile varies slightly across the layer and the log-
arithmic region is identified as the portion where the slope
approximately matches that of the smooth wall. By adjust-
ing the virtual origin, however, the slope can be made to
remain fixed at 1/j. No attempt has been made to fine-tune
the virtual origin to recover the exact logarithmic profiles.

The average resistance or friction factor defined in Eq.
(7) is plotted in Fig. 7 for various rib shapes for a range
of pitch ratio (w/h) and Reynolds number Red ð¼ Ud=mÞ.
For all rib shapes, the resistance initially increases with
increasing pitch, reaches a maximum, and gradually
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Fig. 8. Location of the virtual origin for various rib shapes for
h=De ¼ 0:1: (a) vs. pitch for ReDe ¼ 20; 000; (b) vs. h+ for two different
pitches.
decreases toward the smooth wall limit. In general, the
resistance is largest for the square rib, and becomes lower
as the shape changes to triangular, semicircular, and to a
wavy wall. The behavior at lower pitch ratios is somewhat
different in the case of square ribs, however. This is because
the separation pattern between adjacent ribs is affected to a
greater extent as the ribs are more closely spaced. With a
pitch ratio of about 4, the square ribs are known to exhibit
a d-type roughness behavior, as a single eddy is trapped
between the adjacent ribs (Perry et al., 1969; Cui et al.,
2003a). Then, the pressure on the upstream and down-
stream faces of the rib is nearly equal and the total resis-
tance is small. Such a behavior has not been reported for
ribs of other shapes, although it is possible with sufficiently
small pitch ratios.

Fig. 7(b) shows the effect of Reynolds number. It is
found that for square and triangular ribs, the resistance
increases with Red and soon reaches a plateau, i.e., f

becomes independent of Red. The shape of the curve is sim-
ilar to the well-known Moody diagram for pipes and fric-
tional resistance of rough plates. For semicircular ribs,
however, f decreases slowly after reaching a maximum,
and in the case of the wavy wall the friction factor
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decreases as in the case of smooth surfaces, albeit at higher
values due to the contribution of pressure resistance. The
continuing dependence of friction on Reynolds number in
these two cases stems from the movement of the separation
and reattachment points on the curved surfaces. It is also
seen from Fig. 7(b) that the value of f decreases with
increasing pitch ratio w/h but the shape of the curve
remains unchanged. Clearly, the results presented in
Fig. 7 are of primary interest in design of surfaces for heat
transfer enhancement.

Fig. 8 shows the location of the virtual origin defined
above as the point above the bottom of the channel where
the space-averaged velocity is zero (Fig. 6). While the
decrease with the virtual origin with increasing pitch is to
be expected, Fig. 8(a) shows that it is relatively insensitive
to the shape of the rib when the Reynolds number is fixed.
At the lowest pitch ratio of 5, the virtual origin is located
0.6h above the channel bottom, or 0.4h below the top of
the rib. Fig. 8(b) shows that for a given pitch ratio the dis-
tance to the virtual origin from the bottom of the channel
decreases as the roughness Reynolds number h+ (= hus/m)
Reδ
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Fig. 10. Flow characteristics for square ribs: (a) friction factor; (b) rough
increases, and asymptotically approaches some constant
value, zero or finite depending on the pitch, for large h+.
In general, it is quite difficult to determine the virtual origin
in experiments and uncertainties in its location have
clouded discussion about the logarithmic layer, and even
determination of the friction factor from velocity measure-
ments over rough surfaces. Numerical solutions such as
these are useful to understand the issues that are involved
and perhaps quantify the uncertainty in measurements.

An important quantity of interest in rough wall flows is
the roughness function DB. The computed velocity profiles
when plotted in the format of Fig. 6(b) enable determina-
tion of the roughness function DB for each rib configuration
and Reynolds number. The results are plotted in Fig. 9. The
variation of this function with pitch is very similar to that of
the friction factor in Fig. 7(a) for obvious reasons. How-
ever, its variation with the roughness Reynolds number
h+ in Fig. 9(b) is of great interest. It is seen that for all three
rib shapes and pitch ratios, DB is a logarithmic function of
h+ with a slope of j�1. The correlation for each case differs
by a constant, which varies with the rib shape and pitch
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ratio. The slope for wavy wall deviates considerably from
j�1, especially for the larger pitch and suggests that the
wavy wall behaves differently from ordinary roughness.
The bold line for classic Prandtl–Schlichting sand-grain
roughness is included for reference. This may be used to
determine the so-called equivalent sand-grain roughness ks

for different rib arrangements.
To further characterize rib-roughened surfaces, a series

of calculations is carried out for square ribs of various sizes
(h/De) and pitch ratios (w/h). The results are summarized in
Fig. 10. Fig. 10(a) shows the effect of rib height and pitch
on the friction factor. The magnitude of f decreases with
pitch and increases with rib height. The effect of Reynolds
number decreases with increasing Reynolds number, and
the flow over larger ribs becomes Reynolds-number inde-
pendent at smaller values.

The roughness function is plotted as a function of
roughness Reynolds number in Fig. 10(b). It is interesting
to note the collapse of the results for the three values of
the rib size relative to the channel hydraulic diameter. This
y
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d

b

Flow
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Fig. 11. Schematic of channel with distributed hexahedral blocks (h ¼ 0:1, b
distribution.
is clear evidence of the fact that the channel height does not
influence the flow on the rough wall. In other words, the
influence of pitch and Reynolds number are independent
of the geometry of the flow selected for the numerical sim-
ulations. For each pitch ratio, the roughness function
increases with roughness Reynolds number and becomes
logarithmic at sufficiently large Reynolds numbers. In each
case, the slope recovers j�1 as h+ becomes sufficiently
large, parallel to the correlation for sand-grain roughness.
As noted earlier, these results may be used to determine
the equivalent sand-grain roughness for each rib arrange-
ment. Fig. 10(c) shows that the position of the virtual ori-
gin is also independent of the channel height. The variation
with the roughness Reynolds number was discussed above
with reference to Fig. 8(b). The roughness correlation R+

defined in Eq. (10) is shown in Fig. 10(d). For each rib con-
figuration it decreases with increasing Reynolds number
before reaching a constant value at sufficiently high Rey-
nolds numbers, but different from the value of 8.5 for uni-
form sand-grain roughness. Taken together, the results of
H

w

c/2

h

H

h

w

¼ 0:3, H ¼ 0:5, d ¼ 0:75 are fixed): (a) staggered distribution; (b) in-line
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Fig. 10 show that the flow becomes fully rough and inde-
pendent of Reynolds number when h+ is greater than,
say, 5 · 103.
3.2. Flow over three-dimensional roughness elements

The numerical simulations are now extended to three-
dimensional flow over uniformly distributed hexahedral
blocks. Compared to the two-dimensional cases, there are
many more geometric parameters to deal with. For present
purposes, however, we examine two representative block
cross-sections: a square section and a rectangular section
of spanwise aspect ratio of two, in in-line and staggered
arrangements, as shown in Fig. 11. The transverse block
spacing d/De and streamwise length of the block b=De are
held constant at 0.75 and 0.3, respectively. The block
height and pitch (streamwise spacing) are parameters that
are varied. For w=h ¼ 15 and 18, a non-uniformly distrib-
uted grid of 104� 64� 61 cells is used while a grid with
80� 64� 51 cells is used for w/h = 6, 9 and 12.

Typical flow patterns (not shown) exhibit that the flow
around the staggered blocks is much more violent than that
around the in-line blocks, in which the disturbance appears
to be confined to immediate neighborhood of the block.
The fluid passes between the distributed blocks in fairly
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Fig. 12. Cross-flow patterns and pressure ðp̂Þ distributions at x=De ¼ 0:6 for w
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orderly fashion for the in-line arrangement, while that for
the staggered arrangement meanders around the obstacles
and makes the vortical motion very intense. This is clearly
illustrated in the cross-flow pattern of each case in Fig. 12.
Fig. 12(a) shows the cross-plane streamlines at x=De ¼ 0:6
for the staggered rectangular blocks. Two large and strong
streamwise vortices span the entire channel. For the other
three cases, on the other hand, the vortical motion is not
as intense and is confined to the vicinity of the wall. This
is true even for the rectangular block if the distribution is
in-line and the square blocks in the staggered arrangement.

As is in two-dimensional case, the skin friction and pres-
sure distributions are integrated over appropriate surface
areas to calculate the effective total resistance:

sx ¼
1

wd

Z
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ðpw � prefÞdSþ

Z
Sy

swx dS

" #
ð11Þ

where swx is the skin-friction component in the x-direction,
Sx denotes the vertical surfaces of the block whose normal
is in x-direction, and Sy denotes the floor and horizontal
surfaces of the blocks whose normal is in y-direction. The
friction factor and friction velocity are then defined as in
Eq. (7).

The numerical model was again used to simulate the
flow in channels with different block arrangements, varying
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the block height and the Reynolds number. Fig. 13 shows
the space-averaged velocity profiles in wall coordinates
for c ¼ 2b for three block heights and two Reynolds num-
bers. From these and similar plots for other geometries it is
found that, in general, the velocity profiles have logarith-
mic regions for blocks in the in-line arrangement. The log-
arithmic regions are better defined as the block size is
reduced and/or the Reynolds number is increased, as might
be expected from the extent of the disturbance introduced
by the blocks. With the staggered blocks, however, the flow
is disturbed so much that a well-defined logarithmic region
exists only for sufficiently small block heights, typically less
than 5% of the channel height. In other words, taller blocks
cannot be regarded as roughness in the traditional sense,
and consequently, it is not appropriate to use correlations
for friction and heat transfer based on the logarithmic
velocity profile. All profiles for rectangular blocks in in-line
arrangement and for square blocks in either arrangement
(not shown) contain a logarithmic region.
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Fig. 13. Mean streamwise velocity profiles in wall coordinates for
w=h ¼ 12 and c ¼ 2b with various block heights: (a) staggered arrange-
ment; (b) in-line arrangement.
As in the case of two-dimensional ribs, the resistance
coefficients and roughness functions for h=De ¼ 0:1 are
shown in Figs. 14 and 15, respectively. Some values of
DB for this block height are estimated, as the logarithmic
region could not be clearly identified for some block
arrangements. The results for two-dimensional ribs of the
same relative height and length to height ratio are also
shown for comparison. It is seen that the friction factor
and the roughness function attain maximum values some-
where between w=h ¼ 10 and 15, which is very similar to
two-dimensional cases. The block spacing that results in
maximum drag is often associated with the point of maxi-
mum heat transfer, which is the subject of Part II of this
paper. It is interesting to observe that the resistance for
blocks of square cross-section is comparatively small and
identical for both block arrangements while that for the
rectangular block is larger and there is substantial differ-
ence between the in-line and staggered arrangements. For
the rectangular blocks, the in-line arrangement gives a
smaller resistance, even smaller than the two-dimensional
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ribs, while the staggered arrangement exerts much larger
resistance on the flow than the two-dimensional ribs. This
is due to the fact that the fluid has to turn more wildly to
go around the staggered blocks and, hence, creates a much
greater disturbance in the outer flow when the block is tall.
This was confirmed by additional calculations with smaller
blocks. As in two-dimensional cases, the roughness func-
tion DB varies logarithmically with slope 1=j with increas-
ing h+.

4. Conclusions

The most important conclusion drawn from this research
is that a numerical model based on the Reynolds-averaged
Navier–Stokes equations coupled with a turbulence model
that resolves the near-wall flow is able to successfully cap-
ture the essential features of the flow over the surface with
two-dimensional ribs and three-dimensional blocks. When
the solutions are averaged over appropriate areas, they pro-
vide engineering information about the resistance coefficient
and its dependence on the geometric and flow parameters.
In addition, the numerical model provides details of the
velocity profile, such as the roughness function and the vir-
tual origin, that have hitherto fore been the purview of
experimental correlations, and information about the flow
in the roughness layer, within the interstices of the rough-
ness elements, that is difficult to measure and quantify by
experiments. Although the latter aspects of the solutions
have not been examined in any detail in the present paper,
they are of interest in understanding the interaction between
the spatially non-uniform flow in the roughness layer and
the outer flow that feels only an averaged effect of a rough
wall. Previous experience with contemporary turbulence
models suggests that use of alternate models will confirm
the principal results of this study.

The flow over two-dimensional ribs of different shapes is
studied to examine the resistance coefficient as well as the
velocity profiles. It is found that square ribs exert the most
resistance among the four shapes considered while the
wavy wall offers the least. Maximum resistance occurs at
the pitch to height ratio below 10. The space-averaged
velocity profile shows a logarithmic region for ribs as large
as 20% of the channel height. For three-dimensional flows,
the logarithmic region exists for blocks of much smaller
heights, typically less than 5% of the channel height. Thus,
the flow over larger blocks cannot be treated within the tra-
ditional framework of surface roughness that is based on
the assumption of a logarithmic layer. Of course, this does
not diminish the usefulness of the numerical model. On the
contrary, a numerical model provides information that
cannot be obtained by extrapolation of existing roughness
correlations.

The roughness function for two-dimensional flow is
found to vary linearly with the log of the roughness Rey-
nolds number h+. The slope reaches the value of j�1 for
sufficiently large h+, confirming the trends established by
experiment for other types of roughness. Regardless of
the rib size, the results collapse on to a single curve if the
pitch is kept constant. For three-dimensional blocks, the
resistance and the roughness function depend on the block
shape and arrangement.

The numerical model is extended to study heat transfer
(Ryu et al., in press) in channels with two-dimensional ribs
and three-dimensional blocks. It is found that the logarith-
mic region also exists in the space-averaged temperature
profile if the velocity distribution has a logarithmic layer.
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