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Abstract

The heat-transfer characteristics of a turbulent flow in channels with two-dimensional ribs and three-dimensional blocks are investi-
gated in the context of surface roughness effects. This Part IT of a two-part paper focuses on heat transfer while Part I was devoted to
resistance. Reynolds-averaged Navier—Stokes equations, coupled with the k&—w—>—¢, turbulence model with near-wall treatment for veloc-
ity and temperature fields, are solved by a finite-volume method. Calculations are carried out for two-dimensional ribs with square, tri-
angular, semicircular and wavy cross-sections over a range of rib spacing (pitch) and Reynolds numbers. It is found that heat transfer
and flow resistance behave in a similar manner, with highest heat transfer occurring when the resistance is maximum. For all cases, the
space-averaged temperature profile exhibits a logarithmic region, with a “heat-transfer roughness function” that varies with a constant
power of the roughness Reynolds number. The constant power in the formula is found to be slightly larger than that in existing exper-
imental correlations. Analysis of flow with three-dimensional blocks reveals similar characteristics. A log region exists in the space-aver-

aged temperature profile for all cases for which the velocity profile has a log region.

© 2007 Published by Elsevier Inc.
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1. Introduction

Regularly distributed two-dimensional ribs or three-
dimensional blocks are widely used for heat-transfer aug-
mentation (Webb et al., 1971; Sparrow and Tao, 1983) in
heat exchangers, cooling of turbine blades, cooling of elec-
tronic devices, etc. The artificial roughness of the surface
enhances the heat transfer by breaking the thermal layer
and/or invigorating turbulent mixing. However, this is
accompanied by undesirable increase in resistance, which
was the subject of Part I (Ryu et al., in press) of this paper.
Heat transfer from artificially roughened surfaces has been
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extensively studied, but mainly to examine the effects of
design variables, such as, channel width-to-height ratio,
rib shape, rib height, pitch to height ratio, rib or block ori-
entation, and combinations thereof.

Webb et al. (1971) were perhaps the first to conduct a
systematic experimental study on rib-roughened surfaces.
They proposed an empirical correlation for the heat-trans-
fer roughness function based on the analogy between heat
and momentum transfer. Numerous experimental works
on heat-transfer and associated pressure drop for various
rib arrangements, angles, and/or shapes are reported in
Han et al. (1978), Han (1988), Sparrow and Tao (1983),
Liou et al. (1993), Liou and Hwang (1993), Okamoto
et al. (1993), and Rau et al. (1998).

The literature on the computational side is also quite
extensive. Lee et al. (1988), Acharya et al. (1993), Manceau
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Nomenclature

b, ¢ length (streamwise) and width (spanwise) of
roughness block, Fig. 13

p specific heat at constant pressure

D, hydraulic diameter, 2H
G" heat-transfer roughness function, Eq. (7)
H channel height

h rib height

ht roughness Reynolds number (= 2«)

k¢ conductivity of fluid

Nug Dittus—Boelter correlation for smooth channel

(= 0.023Re};*Pr%)

Pr Prandtl number (: ”k—cf”)

Pr, turbulent Prandtl number (=v,/a,)

q, heat flux from wall to flow (= k¢ $F)

Res, Rep, Reynolds number (= @ or Uble

S substrate thickness (=0.075H)

St Stanton number (= ¢, /[pc,Up(Tw — Tin)])

i space-averaged temperature

Ty average bulk temperature

Ty averaged wall temperature in contact with fluid

T normalized temperature (: LTy ), Figs. 4, 5
dTb/dX'De
and 14
U average velocity between wall and the point of

velocity maximum

Uy, bulk velocity

U, space-averaged friction velocity (= /tw/p)

w rib or block pitch, Figs. 1 and 13

X, y, z streamwise, normal, and spanwise coordinates,
Figs. 1 and 13

Yo.r location where T is equal to T, virtual origin

Greek symbols

oc thermal diffusivity (= 40)

o turbulent thermal diffusivity

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

u dynamic viscosity

v, Vi kinematic viscosity, eddy viscosity
density

Ty wall shear stress

et al. (2000), Iaccarino et al. (2002), and Tafti (2005) have
carried out calculations to examine effects of the aforemen-
tioned parameters in addition to the thermal boundary
conditions. Although these approaches have adopted
sophisticated turbulence closure models that range from
two-equation models to large eddy simulations (LES) for
the velocity field, a rather simple heat-transfer turbulence
model based on the Reynolds analogy, i.e., heat-momen-
tum transport similarity, via a turbulent Prandtl number,
is used for the temperature field. More recently, Nagano
et al. (2004) performed direct numerical simulations
(DNS) to examine the effects of roughness on the statistical
quantities in the velocity and thermal fields for channel
flows with k- and d-type roughness.

In Part I of this paper (Ryu et al., in press), flow resis-
tance in channels with discrete roughness was elucidated
in the context of similarity laws of velocity profiles. The
primary objective of this second part is to examine the role
of similarity laws in the heat-transfer aspect of the prob-
lem. A heat-transfer turbulence model that resolves the
near-wall region is coupled with the numerical model based
on the Reynolds-averaged Navier—-Stokes equations that
was successfully applied to the rib-roughened surfaces in
Part I. The existence of a logarithmic layer in the temper-
ature profile is scrutinized and the relevant parameters
are identified as was done for the velocity profile. The
results provide insights into the validity of the Reynolds
analogy that is widely accepted in traditional heat-transfer
analyses, and show that the numerical approach may be
used to analyze geometries and flow conditions that do
not conform to similarity laws.

2. Numerical model and validation
2.1. Governing equations

The equations that govern the steady three-dimensional
turbulent incompressible flow are the Reynolds-averaged
equations for conservation of mass, momentum, and
energy along with the closure relationships for turbulence
quantities. In addition to the continuity equation, the
Navier-Stokes equations, and the k— turbulence model
equations already discussed in Part I, three additional
equations, namely, the internal (thermal) energy equation
and two transport equations for the temperature variance
> and its “dissipation rate” &, proposed by Abe et al.
(1995), are solved for the heat-transfer characteristics:

Energy:

%[nT—(a—kat)Z—ﬂ ~0 (1)
oc[Ci{]i\/Z_RJr%/l;(f)W\/Eﬁi}

S )
C,=01, R=1/t, = %)/(é),
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where T is temperature, o the thermal diffusivity, o, the tur-
bulent thermal diffusivity, n the normal distance measured
from the wall, R the time scale ratio, and R, (=k*/ve) the
turbulent Reynolds number. The equations for the temper-
ature variance ¢ and its dissipation rate &, are solved to cal-
culate the turbulent thermal diffusivity o.

Temperature variance:

2l (a2

1.6/ ox

o | = 2P — 2 )

Dissipation rate of #2/2:

% :ust - (oc + %) %} = Cp fr, %Pt—z + Cofo, %Pk

— Coufi, ‘;:j ~Cofnt ()
where
P;= alg—j; %Tj, Cp =1.85, Cp, =0.65,
fr={1—exp(-n")}, fp, =10, Cp =20,

CDz 2097 fDl :fpla

. 2
1= () en - nfi-ew () 1

Co=19, Ap =55

Here, P; represents the production term in the temperature
variance and the various C and f are constants and func-
tions, respectively, in the model transport equations. The
details are given in Abe et al. (1995) and are not repeated
here. It needs to be noted here that, although the thermal
turbulence model described above is capable of predicting
the complex thermal field accurately as we shall see later
in the paper, the modeled equation (1) becomes nonlinear
in 7T and violates the linearity principle that the energy
equation should possess. Readers are encouraged to read
Seki et al. (2003) for the details.

2.2. Computational domain and boundary conditions

Since the flow is fully developed, it is periodic in the
streamwise direction and, also in the spanwise direction
for the three-dimensional case. Then it suffices to consider
a limited solution domain, which includes the solid regions
of the wall and ribs or blocks as shown in Figs. 1 and 13,
and impose periodic conditions at the upstream and down-
stream boundaries. For a channel with three-dimensional
blocks, symmetry conditions are specified at appropriately
located spanwise boundaries. The no-slip condition is
applied on the upper and lower walls of the channel. The
specific dissipation rate, w is specified at the first grid off
the solid surface and given a value W, where An
denotes the normal distance from the wall (Wilcox, 1998).

As for the thermal boundary conditions, a uniform heat
flux condition is applied on the bottom boundary while the
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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.

upper wall of the channel is assumed adiabatic. Although
the temperature fluctuation at the upstream and down-
stream boundaries are periodic, the bulk temperature is
not periodic in the streamwise direction; the downstream
temperature is higher than that of the upstream boundary
by a constant A7 which is obtained from the total heat flux
into the system and the mass flow rate in the channel. The
turbulence quantities 2 and ¢ need to be specified at the
solid—fluid interface and are given the values of zero and
o(0 Ve /on)?, respectively. The dissipation rate at the inter-
face is updated in each iteration and determined as part of
the solution.

For a high speed flow, in which the buoyancy force is
negligible, the energy equation and associated turbulence
transport equations can be decoupled from the fluid-flow
equations and solved separately after the flow field has
been obtained. The above equations are solved iteratively
by a finite-volume method in a non-orthogonal body-fitted
colocated grid. Second-order accuracy is preserved by
adopting the central differencing scheme throughout. As
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mentioned in Part I, the QUICK scheme of Hayase et al.
(1992) is used to discretize the convective derivatives of
the momentum equations. The convergence criteria
imposed in the calculation are that the sum of the residuals
of mass source is less than 10~'° for the velocity field while
that of temperature is less than 10¢ for the thermal field.

2.3. Validation tests

As in Part I of this paper, the scarcity of detailed mea-
sured data for the geometric shapes of present interest
makes it difficult to validate the model. The model outlined
above is first applied to solve the fully developed smooth
channel flow with constant heat flux through the wall.
The Nusselt number, defined in Eq. (4), is presented in
Fig. 2 for a range of Reynolds numbers and is seen to be
in excellent agreement with the experimental correlation
of Dittus and Boelter (Bejan, 2004). The results of this
rather simple flow confirm that the combination of the tur-
bulence models for momentum- and heat-transfer is
appropriate.

The code is then validated against two test cases,
namely, (a) the backward facing step flow, and (b) the
channel flow with uniformly distributed square ribs, for
which measured data is available for comparison. These
cases have been used by others to validate solution proce-
dures and turbulence models. Since the flow part of the
procedure was fully discussed in Part I of this paper, it suf-
fices to provide a brief description of the heat-transfer
results.

For the backward facing step flow, calculations were
performed in a solution domain —3.8 < x/h < 80 with a
180 x 80 grid, in which 30 of the 80 grid points are distrib-
uted in the expanded region, for a Reynolds number (Rey,),
based on the step height and mean inlet velocity, of 28,000,
and a Prandtl number (Pr) of 0.71. A constant heat-flux
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Fig. 2. Nusselt number vs. Rep, for smooth channel flow with uniform
heat flux.

condition is applied at the lower wall of the expanded
region and all other solid boundaries are kept adiabatic;
the inlet conditions are specified to match the experiments
of Vogel and Eaton (1985) while fully developed condition
is assumed at the exit boundary.

Fig. 3 shows the isotherms and the streamlines. As
already mentioned in Part I, the computed reattachment
length of 6.784 is in excellent agreement with the measured
value of 6.684. The isotherms in Fig. 3a indicate that the
temperature in the recirculation region, especially just
downstream of the vertical face of the step, is higher as
the fluid is trapped in this region. The local heat transfer
along the wall, depicted as the Stanton number,
St =ql /[pc,Up(Tw — Tin)], in Fig. 3b, attains the maxi-
mum near the reattachment point and is generally in close
agreement with the experiment. Also plotted in the figure is
the result obtained by the Reynolds analogy in which the
turbulent Prandtl number (Pry) is assumed constant every-
where at 0.9 instead of using the >—¢ model. Interestingly,
the two results are not far apart and the need for more
sophisticated models does not seem apparent at this level
of detail in this particular flow. It is of interest, however,
to compare the turbulent Prandtl number implied by the
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Fig. 3. Backward facing step flow for Rej, = 28,000 and &,/h = 1.1 at x/
h = —3.81: (a) streamlines and temperature (7 = T/T;,) contours, (b) St
distribution along the channel.
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turbulence model with the constant value. This is done in
the next test case.

The last validation test case is the square-ribbed channel
flow with w/h=7.2 at Rep, = 12,600, where w is the rib
spacing, / the rib height, and D, is the hydraulic diameter
of the channel. The rib and the channel wall (or substrate)
are made of the same material (aluminum), and the wall
thickness is set at 0.0375D. to recreate the experimental
setup of Liou et al. (1993). After testing a few non-uni-
formly distributed grids (with 80 x 80, 100 x 100, and,
120 x 120 points), the 100 x 100 grid, with 20 points placed
in the substrate, was chosen to fit the computational
domain shown in Fig. 1a. Since the geometry is typical of
the present study, this particular grid is used studying all
subsequent calculations. The streamlines, isotherms and
the local Nusselt number, which is defined as

—dr . p
Ny=-—dn —° 4)
(TW - Tb)
where T}, is the local bulk temperature,
H
T|uld
r, = bl o
fo |u| dy

are presented and compared with the measured data of
Liou et al. (1993) in Fig. 4.

It is found that the temperature is generally higher in the
recirculation region and attains the maximum near the
back-face corner of the rib. Consequently, the substrate
temperature is higher under this area as seen in Fig. 4a.
The fluid temperature is locally so high that heat flows
from the fluid to the rib through certain portions of the ver-
tical face (Fig. 4b). A similar result was reported by Man-
ceau et al. (2000). The local Nusselt number distribution
compared in Fig. 4b shows some discrepancy between the
experiment and present calculations, especially over the
rib surface. It is not clear how Nu was evaluated by Liou
et al. As the local heat flux is difficult to measure in exper-
iments, the calculation is repeated without the substrate,
with the heat-flux through the base of the rib distributed
equally to the three rib faces, as was done by Manceau
et al. Interestingly, the Nu distribution obtained in this
manner agrees better with the experiment than the results
with the finite channel-wall thickness. The results of Man-
ceau et al., also plotted in Fig. 4b compare less favorably
with the measured data, presumably due to a simple
heat-transfer turbulence model in which a curve-fit formula
is used to obtain the turbulent Prandtl number and hence
the turbulent thermal diffusivity. Because of uncertainties
in the experiment, no further attempt is made to resolve
the discrepancies. Unlike in the case of backward facing
step flow, the constant turbulent Prandtl-number approach
performs very poorly as the results deviate wildly from
those of the >—¢ model or the experimental data, as can
be seen in the figure. This led us to more closely examine
the behavior of the turbulent Prandtl number predicted
by the model equations. The Pr, distribution across the
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Fig. 4. Periodic square rib distributed channel flow for w/h=0.72, h/
D.=0.1 at Rep, = 12,600: (a) streamlines and temperature distribution,
(b) Nusselt number distribution along the channel/rib surface (s is
measured from 3/ upstream of the front rib face), (c) Pr, distributions
across the channel at various streamwise stations.

channel at various cross-sections presented in Fig. 4c shows
that Pr, varies appreciably from very large values just
behind the rib to small values in the vicinity of the dividing
streamline that emanates from the top of the rib surface. It
is also noted that Pr; does not become constant even in the
region far from the rib. This may be attributed to the fact
that the flow Reynolds number is rather low. We return to
this point later in the paper. All of these results imply that
the velocity—temperature analogy is not valid at the local
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level and the constant turbulent Prandtl-number assump-
tion is a gross over simplification.

3. Results and discussion
3.1. Heat transfer over two-dimensional ribs

The various cases examined for flow resistance in Part [
of this paper, namely, spanwise ribs of three shapes
(square, triangular, and semicircular) and a wavy wall with
the same height as the ribs, are considered for the heat
transfer study. With air as the fluid (Pr=0.71), calcula-
tions are carried out for a range of Reynolds numbers
and rib spacing or pitch (w). The rib height and the sub-
strate thickness are held constant at #/D.=0.1 and S/
D, =0.0375, respectively. The rib and the substrate are
made of aluminum as in the second test case discussed in
the previous section. The thermal conductivity ratio of alu-
minum to air is 9.01. It is appropriate to mention here that
calculations can be carried out just as easily without a sub-
strate but they are not pursued as they represent an ideal
situation that cannot be reproduced in reality.

Fig. 5 presents the streamlines and isotherms for square
and triangular ribs for Rep, = 20,000 and w/h = 10. The
temperature is higher, in general, under the rib as the solid
region is thicker, and also in the recirculation zone. For
ribs of square and semicircular shape, a secondary recircu-

lation zone is formed near the rib-wall juncture behind the
rib and the substrate temperature under this region
becomes very high. The fluid in the secondary recirculation
zone is heated, sometimes hotter than the rib itself, and the
heat flows from the air to the solid, as was observed in the
second test case above. This phenomenon is clearly
depicted in Fig. 6, which shows the heat flux and tempera-
ture distributions along the channel surface for all rib
shapes. Here the temperature difference between the solid
surface and the local bulk temperature defined in Eq. (5)
is plotted. It is seen that the temperature is lowest on the
windward face of the rib and highest on the leeward face,
while the heat flux is highest on the front face and lowest
on the back face.

The average Nusselt number Nu,, for various rib shapes
for a range of pitch ratio (w/h) and Reynolds number,
Res(=U4/v), is shown in Fig. 7. As in Part 1, § is the dis-
tance measured from the channel wall to the point where
the space-averaged velocity reaches the maximum and U
is the average velocity obtained by integration of the veloc-
ity profile from the lower wall to §. The average Nusselt
number is defined as:

s - De

Nua\,:i
kf(Tw - Tb)

(6)

where the average heat flux ¢/ is equal to the heat flux spec-
ified as the boundary condition, and T, and T, denote the
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Fig. 5. Streamlines and temperature field for Rep, = 20,000 and w/h = 10: (a) square rib, (b) triangular rib.
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the heat flux applied at the boundary).

average surface temperature and bulk temperature of the
air, respectively. For all rib shapes, the Nusselt number ini-
tially increases with increasing pitch, reaches a maximum,
and gradually decreases toward the smooth-wall limit. In
general, the heat transfer is enhanced most by the square
rib, and decreases as the shape changes to triangular, to
semicircular, and to a wavy wall. In fact, this behavior par-
allels that of flow resistance reported in Part I. This con-
firms that, in general, heat-transfer enhancement is
achieved at the expense of increased resistance. The fact
that there exists an optimum value of rib spacing for max-
imum heat transfer and that the heat-transfer rate does not
increase with the rib-surface area suggests that the primary
cause for the enhancement is the strong turbulent motion
induced by the rib. The behavior at lower pitch ratio in
the case of square ribs, which deviates from the general
trend, is because the square ribs exhibit “d-type” roughness
behavior as the rib spacing becomes small: a single eddy is
trapped between the adjacent ribs and hinders the heat
transfer.
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Fig. 7. Average Nusselt number for various shapes for /D, = 0.1: (a) vs.
pitch at Rep, = 20,000, (b) vs. Reynolds number.

The Nusselt number for various rib shapes is plotted
against the Reynolds number based on 9, Res, in Fig. 7b
for pitch ratios of 10 and 15. The Dittus—Boelter empirical
formula for a smooth surface, Nug, is used for comparison.
Calculations have been made for the range of Rep, from
10,000 to 320,000 to complete the figure. The Nusselt num-
ber monotonically decreases towards the smooth surface
limit of unity as Res increases. The effectiveness of distrib-
uted ribs in heat-transfer enhancement is more noticeable
in the low Reynolds-number region than at higher Rey-
nolds numbers. The slope for the square ribs appears to
be steeper than those for other rib shapes.

As in the velocity profile for rough surfaces, the temper-
ature distribution is also expected to exhibit similarity law
when plotted in wall variables (Kays and Crawford, 1993):

Pr Y= Yor +
U (20T 7
T ln( p >+G (7

with the dimensionless temperature 7" defined as

T" =Ty — T)pcyu./q, (8)
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where 7] is the space-averaged temperature at y, T, is the
averaged wall temperature at the solid-fluid interface,
and ¢/ is the averaged heat flux across the interface.

Fig. 8 shows the space-averaged temperature profiles for
various ribs in the wall coordinates. When necessary, a
four-point bilinear interpolation is used to obtain the tem-
peratures at desired locations from those in the generalized
computational grids. The average temperature may be
higher above the wall than at the wall because of the higher
temperature in the recirculation zone. The virtual origin is
thus identified as the point at which the space-averaged
temperature equals the mean wall temperature. It is impor-
tant to note here that the virtual origins for velocity and
temperature are not the same. The temperature profiles
for all cases clearly exhibit a significant logarithmic region
which, in most cases, starts above the top of the rib. The
slope varies from one case to another but is, in general, rel-
atively close to that of the velocity profile, i.e., 1/x, imply-
ing that Prq in the coefficient of Eq. (7) is close to 1, which
is in line with the experimental observation for smooth sur-
faces (Kays and Crawford, 1993) or that used in Dipprey
and Sabersky (1963) for sand grain roughness. Some cau-
tion is in order, however. As noted above, the log profile
with the slope near 1/x is valid only when the virtual origin,
and not the physical boundary, is used as the datum. The
existence of the log region together with its constant slope
is a most interesting and significant result because it implies
that similarity exists in the space-averaged temperature
field just as in the velocity profiles discussed in Part I.
The turbulent Prandtl number distribution is further inves-
tigated for a range of Reynolds numbers and is shown for
two Reynolds numbers in Fig. 9. The profiles for
Rep, = 20,000 at various cross-sections in Fig. 9a show
that Pr, varies substantially across the channel and from
upstream to downstream. It becomes quite large in the
recirculation region behind the rib and small along the
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Fig. 9. Turbulent Prandtl number distributions at various streamwise
cross-sections for the square rib with w/h=10, h/D.=0.1: (a)
Rep, = 20,000, (b) Rep, = 160,000.

dividing streamline near y/D. ~ 0.1. It increases gradually
toward the center of the channel but does not remain con-
stant for any significant portion of the channel. However,
for Rep, = 160,000, Pr, remains almost constant — this
value approaches unity as the Reynolds number further
increases — everywhere except very near the wall. This sug-
gests that the complete Reynolds analogy (Pr.= 1) may
exist for rib-roughened surfaces at very high Reynolds
numbers.

It is appropriate to elaborate here on the asymptotic
behavior of Pr(=v/a,) near the surface. For attached flow
on smooth surfaces, the experimental Pr, is known to
increase as the wall is approached while some DNS results
show it to remain near unity (Kays, 1994). Kasagi et al.
(1989) showed, in their numerical study, that Pr,
approaches to either a finite value or zero at the wall
depending on the thermal wall boundary condition.
Although the present result of decreasing Pry is in line with
their findings for the constant heat-flux wall, the compari-
son is of no significance as the k—w model predicts an order
smaller Reynolds stress (~y*) than the correct value (~)°)
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close to the wall. Despite the flaw in the limiting behavior,
the model’s ability to predict the properties of interest in
the turbulent boundary layer was shown to be not affected
much because the discrepancy is confined to a small region
close to the wall and v, is negligibly small there (Wilcox,
1998). This is also confirmed in the present study as seen
in Fig. 2.

Fig. 10 shows the virtual origin for various rib shapes.
Other than the wavy wall, the virtual origin y, 7 is much
smaller than that for the velocity field reported in Part I.
It decreases monotonically to zero with increasing w/h
for all rib shapes. When plotted against the dimensionless
roughness 4" (=hu./v) for a given w/h, however, it eventu-
ally starts to increase after an initial decrease. This is quite
different from the virtual origin of the velocity field, and is
because of the fact that the increased cooling lowers the
average wall temperature while the fluid temperature in
tlie recirculation region is less affected by an increase of
h.

The heat-transfer roughness function G of Eq. (7) can
be deduced from the computed temperature field and is
presented in Fig. 11. For all rib shapes, G' is seen to
decrease with the pitch ratio and is proportional to 4" in
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Fig. 10. Location of virtual origin for various rib shapes for #/D. =0.1:
(a) vs. pitch at Rej, = 20,000, (b) vs. 4.
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Fig. 11. Heat transfer roughness function for #/D,=0.1: (a) vs. pitch at
Rep, = 20,000, (b) vs. /"

log-log scale. All curves are packed together except those
for the wavy wall, which are considerably lower than the
others. The empirical correlation of Webb et al. (1971),
which is based on measurements up to 4" = 1000 for ribs
of rectangular shape, is also plotted in Fig. 11b for
comparison:

G+ — 4.5(h+)().28 (H)0.57 (9)

The two are in general agreement, but the slope of the pres-
ent numerical results is steeper.

To further characterize rib-roughened surfaces, a series
of calculations is carried out for square ribs of various sizes
(h/D.) and pitch ratios (w/h). The results are summarized in
Fig. 12. The Nusselt number relative to that for the smooth
surface is presented in Fig. 12a. As was observed earlier in
Fig. 7b, the Nusselt number gradually decreases and
approaches the smooth-surface limit as Re;s increases. For
the same pitch ratio, the Nusselt number is generally larger
for a larger rib size as the flow is disturbed more. There
appears to be a point where the relative Nusselt number
attains a maximum value and then decreases as Res further
decreases. This is more pronounced as the rib size and pitch
ratio become smaller. The heat-transfer roughness function
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Fig. 12. Heat-transfer characteristics for square ribs: (a) average Nusselt
number, (b) heat-transfer roughness function.

shown in Fig. 12b exhibits a logarithmic behavior. All
curves are less scattered than for those of different shapes
but they do not fall on a single curve. Also, the slope of
the present results is seen to be slightly steeper than that
of Webb et al.’s correlation (1971).

3.2. Heat transfer over three-dimensional roughness elements

The numerical simulations are extended to three-dimen-
sional flow over uniformly distributed hexahedral blocks.
Compared to the two-dimensional cases, there are many
more geometric parameters to deal with. For present pur-
poses, however, only two representative block cross-sec-
tions are examined as was done in Part I for flow
resistance: a square section and a rectangular section of
spanwise aspect ratio of 2, in in-line and staggered arrange-
ments (see Fig. 13). The transverse block spacing d/D. and
streamwise length of the block b/D. are held constant

at 0.75 and 0.3, respectively. The height is fixed at A/
D.=0.1 as in two-dimensional ribs and thus the stream-
wise length to height ratio of the block becomes 3. Again,
the channel wall and the blocks are assumed to be alumi-
num and the wall thickness S is taken as 0.0375D, for all
cases. The block height and pitch (streamwise spacing)
are parameters that are varied. For w/h=15 and 18, a
non-uniformly distributed grid of 104 x 80 x 61 cells is used
while a grid with 80 x 80 x 51 cells is used for w/h =6, 9
and 12. Among the 80 cells placed in y-direction, 16 are
in the substrate 