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Abstract

Conjugate heat transfer for three-dimensional developing turbulent flows over an array of cubes in cross-stream direction, re
finite heat elements mounted over a surface is studied numerically. Incompressible fluid flow over the cubes is modeled using a fu
form of the Navier–Stokes equations. RNG basedk–ε turbulent model is incorporated to predict turbulent flow field as well as the recircul
pattern along the blocks. Temperature fields in the blocks and on their outer surfaces were obtained solving heat conduction equa
volume procedure with appropriate boundary conditions is used to solve the coupling between the solid and fluid region. The he
characteristics resulting from recirculating zone around the blocks are presented for a wide range of Reynolds numbers from 4.2 × 103 to
1 × 105 (for Pr = 0.7) and blockage ratios from 10 to 50%. Numerical computation is validated with experimental studies of Naka
al. [Internat. J. Heat Mass Transfer 44 (2001) 3385] and variation of the Nusselt number as well as fin efficiency in terms of flow R
number and blockage ratios are determined. New correlations is developed to predict average Nusselt number asNu = 0.11Re0.702(1 +
0.68Br). Also a new correlation is obtained for fin efficiency such asηf = 126.69Re−0.027(1+ Br)−0.035 for an array of inline cubes. Th
analysis is extended to study the effects of spacing between heat sources for a fixed heat input.
 2005 Elsevier SAS. All rights reserved.

Keywords:Cubes; Conjugate heat transfer; Separation; Cross-stream mixing; Nusselt number; Fin efficiency
s
ced
first
n in
lled
will
en
oss-
ro-
the
tion

60.

l el-

bbed
en-
s on
ties.
and
w
and

een
s [1]
gle

rge
olds
1. Introduction

The theory of forced convection in recirculating flow
has gained a wide popularity in the subject of enhan
heat transfer. To improve heat transfer coefficient, the
step is to use extended surfaces. Such surface extensio
creases the total area of heat transfer and if it is insta
correctly, the efficiency of the heat exchange surfaces
be improved. The efficiency will be further increased wh
the growing boundary layers are disrupted or when a cr
stream mixing is promoted. Usually this is made by int
ducing fins or cubes into the flow and arranging them in
channel to cause local changes in the mean flow direc
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and magnitude. A schematic of this kind of heat remova
ements is presented in Fig. 1.

For blocks attached over a base surface, such as ri
surfaces, the flow over each block is no more two-dim
sional and convective heat transfer is strongly depend
the geometric arrangement and upcoming flow proper
A schematic representation of the flow features (Hussein
Martinuzzi [2]) is shown in Fig. 2. Such complicated flo
pattern strongly relates on the fluid Reynolds number
turbulent intensity as well as on the domain structure.

Flows over an isolated, wall-mounted cube have b
subject of several past investigations. Casotr and Robin
performed some experiments with hot wire around a sin
mounted cube in a boundary layer wind tunnel with la
channel to cube height ratio. They changed the Reyn
number from 3× 104 and greater than 105 based on the

cube height. Casotr and Robins [1] have concluded that the
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Nomenclature

Ac fin cross section area
Af fin area
Br blockage ratio,(D/W)

cµ, c1, c2 coefficients in turbulence model,
0.085, 1.42, 1.68

CD drag coefficient
Cf friction factor coefficient
Cp specific heat
D,W blocks thickness and spacing
G shear generation,µt(ui,j + uj,i)ui,j

h convection heat transfer coefficient
K thermal conductivity of solid
k turbulent kinetic energy,u′

iu
′
i/2

Nu,NuL Nusselt number,(hD)/λ, (hL)/λ

p pressure
P fin parameter
Pr Prandtl number
Re Reynolds number,(U∞D)/ν

Sij mean strain rate tensor,(ui,j + uj,i)/2
S

√
2SijSij = √

G/µt

T temperature
Tb,Ts base and surface temperature of fin
ui index notation of velocity components
u′

i , u
′
i turbulent Reynolds stress tensor

u′
iT

′ turbulent heat flux
x, y, z directions of rectangular coordinate

Greek symbols

α fluid thermal diffusivity
β parameter in RNGk–ε model, 0.012
δij Kronecker delta function

ε turbulent dissipation rate,µ(u
′
i,j u

′
i,j )/ρ

η,η0 parameters in RNGk–ε model,Sk/ε,4.38
ηf fin efficiency
λ,λt total and turbulent thermal conductivity of fluid,

(λ0+λt ), (Cpµt/σt )

λ0 laminar thermal conductivity of fluid
µ,µt total and eddy viscosity,(µ0 + µt), (cµρk2/ε)

µ0 laminar viscosity
ν fluid kinematic viscosity
ρ fluid density
σt turbulent Prandtl number
σk, σε turbulent Prandtl numbers for diffusion

of k andε

τw wall shear stress

Notes

∞ uniform free stream condition
i i = 1,2,3 Cartesian coordinate
i, j, k tensor notation
in variables imposed for the inlet boundary
j derivative with respect toj direction

time average component of turbulent parameter
′ fluctuating component of turbulent parameter
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Fig. 1. The geometry of an array of cubes mounted over a sur
(Br = 50%).

shear and turbulence in the upstream flow provide a po
ful mechanism for the rapid breakdown of the vortex sys
generated at the cube body. Regarding vortex shedding
periodically of the flow, they have noted that vortex sh
ding, if it occurs at all, will not be dominated and, more s
nificant, the scale of turbulence in the upstream flow may

be very critical. However, cavity region is markedly reduced
Fig. 2. Typical flow structure around a cube, Hussein and Martinuzzi [

by the presence of upstream turbulence and from prac
point of view, any vortex shedding for the case of a blo
with normal orientation to the flow can be ignored. Huss
and Martinuzzi [2] investigated experimentally the flow fie
around a surface mounted cube located in a wind tunnel
a fully developed turbulent flow condition. The height r
tio of tunnel to cube was taken 2 which is quite small
comparison to the measurements of [1] and it is expecte
have some different influences on the flow development.
Reynolds number based on the cube height is taken 40
Their results provide a detail insight to the evolution of
turbulence dissipation rate from the near field recircula

zone to the asymptotic wake. They have also performed oil
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flow visualization and they found that the mean flow do
not reattach on the top side and the wake recirculation
gion does not form a closed bubble. Hussein and Martin
[2] also observed a saddle point on the channel floor a
cent to the trailing edge corner and along the reattachm
line. Such flow condition produced a weak vortex shedd
from the lateral surfaces with a constant frequency. The
dling flow behavior is different from the observations
Castro and Robins [1]. This may be attributed from diff
ent channel height ratio, turbulent intensity and or incom
boundary layer flow characteristics. Faghri and Asako [4]
corporated the Lam–Bremhorst low Reynolds number fo
of the k–ε turbulence model for periodic fully develope
flow over modules having constant wall temperature. The
sumption of spatially periodic flow boundary conditions
5] only holds when there are fully developed condition a
considerable blocks in both stream wise and cross str
wise direction. While the number of rows are few or the
is a single row of blocks [6,7] or there is only an isolat
block [1–3,8], the dynamic of fluid flow and vortical stru
ture changes considerably and the results of flow and
convection and conduction within the cubes will be stron
position dependent.

For a single array of wall-mounted cubical protrusio
along a channel, Meinders et al. [7] recently performe
series of experiments to measure local convective heat t
fer using infrared and liquid crystal thermography as w
as oil-film visualization. It is found that for low Reynold
numbers range 795 to 6656, fluid flow and heat transfe
highly depends on the block position in the row. Meind
and Hanjalic [5] also investigated experimentally heat tra
fer from a matrix of equidistant cubes mounted on one
the walls of a plane channel. Also Meinders et al. [6] p
sented an experimental investigation of the application
an image restoration technique aimed to improve the a
racy of infrared surface temperature measurements of c
placed in a vertical channel flow. Nakamura et al. [8]
tended experimental investigation for fluid flow and h
transfer around a cube mounted on a wall of a plane in
turbulent boundary layer for Reynolds numbers of the ra
4.2×103 to 3.3×104. They developed an empirical correl
tion for average overall Nusselt number around the cub
Nu= 0.138Re2/3, where Reynolds number is based on
height of the blocks. More recent studies for turbulent fl
and heat transfer for a matrix of blocks belongs to Nicen
al. [9]. They have studied fluid flow and heat transfer fr
an internally heated multi-layered matrix of cubes moun
on a surface of a channel with low Reynolds number of 3
based on the cube height. Present authors [10] reporte
merical studies to predict turbulent flow and heat tran
around a single cube exposed to a cold stream. A cor
tion such asNu= 0.112Re0.7 is developed to predict averag
convective heat transfer coefficient from a single block
the range of 4.2×103 < Re< 4×104. Also the only related
numerical studies concerning non-cubical obstacles be

to Velayati and Yaghoubi [11]. The blocks assumed to have
t

-

s

-

aspect ratio 5 and Reynolds number changed from 5× 103

to 3× 104.
From the above review dealing with three-dimensio

blocks [1–11], there is a not specific numerical study
turbulent flow around a single array of inline cubes in cro
stream direction, where the distance of the subsequen
ray may be very large. Also, no study is found from t
present literature considering these three-dimensional c
as heat removal fins or local surface roughness to incr
heat transfer from the base plate. Moreover, practical co
lation to predict heat transfer and fin efficiency is very li
ited for blocks which are attached to a base plate with w
space between them. In the present study, such cases w
analyzed, neglecting any saddling by assuming steady
condition as observed for large atmospheric boundary l
type flow by Castro and Robins [1]. Comparison of the
sults will be presented with available relations to validate
computed flow and heat transfer rate.

2. Governing equations

The governing equations for the three-dimensional ste
state incompressible turbulent fluid flow are as follows:

2.1. Time-averaged equations

By applying time-averaging procedures to conserva
equations, the equations that govern the mean-flow qu
ties,ui , p andT , for turbulent flow are:

uj,j = 0 (1a)

ρ(ujui,j ) = −p,i + [
µ(ui,j + uj,i) − ρu

′
iu

′
j

]
,j

(1b)

ρcp(ujT,j ) = (
λT,j − ρcpu

′
j T

′)
,j

(1c)

Applying the Boussinesq approximation, the Reyno
stress tensor and turbulent heat fluxes are:

−ρu
′
iu

′
j = 2µtSij − 2

3
ρkδij (2a)

−ρcpu
′
iT

′ = λtT,i (2b)

2.2. RNG basedk–ε turbulent model

In k–ε models, the turbulence field is characterized
terms of turbulent kinetic energy (k) and viscous dissipatio
rate of turbulent kinetic energy (ε). Yakhot et al. [12] pro-
posed a variant of thek–ε model such that its performanc
characteristics were improved relative to the standard mo
The RNG turbulence model is more responsive to the eff
of rapid strain and streamlines curvature, flow separat
reattachment and recirculation than the standardk–ε model.
The forms of thek andε equations of the RNG model with
out buoyancy effects are as follows:

ρu k =
((

µ + µt

)
k

)
+ G − ρε (3a)
j ,j

σk
,j

,j



M. Yaghoubi, E. Velayati / International Journal of Thermal Sciences 44 (2005) 756–765 759

ed

cou
e-

ales

n

its
ition
the

n in
pu-
done
er-
eat
yed

ere
cks.
low
tain
ing
ld
r-

for
m-

und
ibil-
ent
ent.
sid-
nal

ain-
or
ns

,
les

ble
ary
am
st.
ree-
e

ity
.

on-
tream

m-
rate
nc-

en-
ap-
cb,
for
ries
from
ef-
fect

be
dif-

is
r au-

ed
s in
on
-
of

were
5

ρujε,j =
((

µ + µt

σε

)
ε,j

)
,j

+ c1
ε

k
G

− cµη3(1− η/η◦)
1+ βη3

ε2

k
− c2ρ

ε2

k
(3b)

The primary coefficients of the RNG model are provid
by Yakhot et al. [12]. The termsc1G(ε/k) andc2ρ(ε2/k) in
(3b) represent, respectively, the shear generation and vis
dissipation ofε. The extra term in (3b) employs the param
terη, which represents the ratio of characteristic time sc
of turbulence and the mean flow fields, defined byη = Sk/ε.
It can be shown thatη is a function of the ratio of generatio
to dissipation ofk and can be written as:

η =
√

c−1
µ (G/ρε) (3c)

The temperature field in the block’s mantle and on
outer surfaces (providing the appropriate boundary cond
for the convection heat transfer) was obtained by solving
conduction equation simultaneously with heat convectio
the fluid. This coupling of the temperature field and com
tation of the instantaneous block surface temperature is
by including conduction heat flux from the solid to the int
face of the nearby control volume of the fluid cell. For h
conduction in the blocks, Fourier’s equation was emplo
as:

T,jj = 0 (4)

3. Boundary conditions

To carry numerical computations, several attempts w
made to identity the appropriate domain around the blo
For unsteady state conditions, which may happen at
Reynolds numbers or high Reynolds numbers with cer
boundary condition as illustrated by [2] vortex shedd
may occur and this will lead to unsymmetrical flow fie
or saddling flow in certain region of the flow. For captu
ing any unsteadiness, first, a complete block (D/W = 10%,
Re= 1 × 105) considered and computations performed
the full domain grids. For the considered conditions a co
pletely symmetric results was obtained and it was fo
a steady state regime as illustrated by [1]. The poss
ity of flow transient to unsteady conditions for the pres
Reynolds numbers and flow boundary conditions is abs
Based on this result and from the symmetry in the con
ered geometry, for the rest of studies, the computatio
domain can be an isolated half of the channel, cont
ing the half section of a block as illustrated in Fig. 3. F
plane ABba, at the inlet boundary, uniform flow conditio
are imposed for all variables usinguin = U∞, vin = 0 and
win = 0, Tin = T∞ andkin = 3.75× 10−5U2∞ . The inlet dis-
sipation rate isεin = k1.5

in /(4.46×10−1D). Across the outlet
plane CDdc far from the plate, zero gradients of variab
in the stream-wise direction,∂()/∂x = 0, are imposed. Al-

though this boundary condition is valid for fully developed
s

Fig. 3. The computational domain (half section of the cube).

condition, its use in other flow conditions is also permissi
for computational convenient provided the outlet bound
is located in a region where the flow is in the downstre
direction and sufficiently far from the region of intere
For plane BCcb, a free-stream condition is assumed. F
stream temperature is assumed 25◦C and the base surfac
of the blocks, plane HheE, is assumed to be at 75◦C. The
block material is taken aluminum with thermal conductiv
202 W·m−1·K−1, that is widely used for heat removal fins

For plane AEFGHDCB, FGHE and abcd, symmetry c
ditions are assumed, that on these planes zero cross-s
gradient condition,∂( )/∂z = 0 , is specified withw = 0. The
near wall values for the parallel velocity components, te
perature, the turbulent kinetic energy and its dissipation
are determined from the standard log-law based wall fu
tion (Launder and Spalding [13]).

4. Computational scheme

4.1. Domain geometry and grid size

The domain used in these calculations consists of an
trance region sufficiently far from the cube surfaces for
plying free stream condition, the plane AabB and BC
symmetry condition for plane abcd and outlet condition
the plane CDdc as illustrated in Fig. 3. These bounda
should be far enough that the results be independent
the boundary position. Although for plane AabB slight
fects of turbulent boundary layer development may af
the results. However, upstream boundary position may
depends on the position of fan, which may contribute to
ferent conditions. The choice of computational domain
based on the previous numerical simulations of the othe
thors, two and three-dimensional investigations perform
for determining upstream and downstream dimension
“x” direction, approaching the free-stream flow conditi
in “y” direction, computational time and limitations with
out losing any accuracy and also monitoring the validity
the results. In the present conditions, several testes
made and finally the computational domain extendsD

upstream, 15D downstream and 10D in y direction and
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Fig. 4. Typical grid configuration of the computational domain on the c
and the base plate (Br = 10%).

Table 1
Grid independent studies for blockage ratio ofBr = 10%

Grid Cf Nu

120× 50× 30 0.00361 327.46
135× 55× 35 0.00336 348.13
150× 63× 40 0.00317 365.71
165× 70× 45 0.00301 384.34
180× 80× 50 0.00297 389.14

Table 2
The effect of domain region on the flow and heat transfer parameters

Geometry Cf Nu

Whole domain 0.01372 40.06
Half section domain 0.01415 41.95

from D (for Br = 50%) to 5D (for Br = 10%) in z direc-
tion.

The next step is an appropriate grid points in the thr
dimension. The solution should be independent of grids
for this respect, several grid distributions was studied.
each grid the average friction coefficient and average N
selt number is determined and typical calculation is p
sented in Table 1. From these results and also with m
toring and comparing the pressure and velocity values
each grid size, it is found that for an array withBr = 10%,
the number of grid points in thex, y and z direction of
165× 70× 45, are adequate. The grid configuration for
sample cube is shown in Fig. 4. According to the cub
shape of the block, block’s aspect ratio and height ratio
both 1.

To verify the half region effect on the flow paramete
and comparing result with the whole region, computatio
carried forRe= 4.2 × 103, D/W = 10% and average fric
tion coefficient and average Nusselt number is determi
Table 2 shows that the results are very close to each o
However, the computation time for the whole domain w
about 12 hr while for half section it was about 8 hr whi

has considerable differences.
.

(a)

(b)

Fig. 5. Comparison of the local Nusselt number at the mid-plane se
(y/D = 0.5) of a cube at different Reynolds numbers with experime
measurement of Nakamura et al. [8]: (a)Re= 4.2×103; (b) Re= 3.3×104.

Fig. 6. Comparison of the average overall Nusselt number obtained b
merical simulation with experimental measurements of Nakamura et al

4.2. Computational procedure

The governing equations of turbulent three-dimensio
flow are solved using afinite volumediscretization code
in which the control volume cells for velocity componen
are staggered with respect to the main control volume c
[14]. To solve these equations numerically,Simplecalgo-
rithm [15] is employed. The accuracy of the numeri
scheme is validated by comparing the results with exp
mental studies of Nakamura et al. [8], that it’s experim
tal configuration is very similar to the present computat
geometry. Result is presented in Figs. 5 and 6 for the
cal and overall values of Nusselt number respectively.

this validation, a half section of a cube withBr = 5% con-
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Fig. 7. Typical particle paths around a cube at different he
(Re= 2.5× 104 andBr = 50%).

sidered and boundary conditions are similar to those
sented in Section 3, except that plane abcd assume
have free-stream conditions. Local comparison of Nus
number are presented in Fig. 5(a) and (b) aty/D = 0.5
in mid-plane section of a cube atRe= 4.2 × 103 and
Re= 3.3× 104 respectively and very good agreement is
served by comparing the average results with experime
measurements of Nakamura et al. [8]. The difference o
the front surface and the edges may be due to the s
gradient of flow in the computation relative to the me
surements. This figure also shows symmetry of convec
on the side surfaces, which verify also the assumption
the selection of the half domain region. Also, Fig. 6

lustrates the comparison of average overall Nusselt num-
Fig. 8. Typical particle paths around a cube at different Reynolds num
(y = 0.5D andBr = 10%).

ber over all the block surfaces which indicates an ex
lent agreement. In this figure, variation of Nusselt nu
ber for a two-dimensional square is also presented w
shows strong three-dimensional effects on enhancing
vection heat transfer. The differences increase with incr
ing Reynolds number.

5. Results and discussion

Numerical studies are made for a wide range of Reyn
number of 4.2× 103 to 1× 105 (for Pr = 0.7) and blockage
ratio from 10 to 50% and for each test, calculations was c
fully monitored through fluid flow, heat transfer and fie

variables to determine a stationary state and reliable results.
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Fig. 9. Typical velocity profiles in the stream-wise direction for various
sitions (Re= 2.5× 104 andBr = 30%): (a) in front of the cube; (b) behin
the cube.

Fluid particle paths around a cube in an array of cu
at different heights are shown in Fig. 7. Over the b
plate, a horseshoe vortex is formed in the front of cube
stretches in stream-wise direction. In this case, with incr
ing blockage ratio, width of bubbles in cross-stream dir
tion reduced but the length of bubbles enlarged.

It is visible that bubbles are not freely formed on t
blocks side surfaces because of the small spacing bet
the cubes. Symmetry condition between the blocks is do
nant and corresponding flow is different from a single blo
with free span wise domain. Form Fig. 7, it can be obtai
that the length of recirculating bubble decreases from
surface to the base plate due to the effects of the base p
Extend of the wake in the leeward side of cube illustra
that recirculation is different at different heights and flo
over the cube top surface also have strong recirculat
without reattachment [1,2]. Fluid particle paths aroun
cube for different Reynolds numbers are presented in Fi
Comparing Fig. 8(a) with (d), one can observe that for l

Reynolds number (Re= 4.2 × 103), the wake size is about
n

.

Fig. 10. Typical 3D contours of pressure over an array of cubes moun
over a surface (Re= 2.5× 104 andBr = 50%).

the cube dimension(D) but for a higher Reynolds numbe
(for Re= 105), wake region extends more than 2D. These
figures indicate that the length of arch-shaped bubble
formed behind the cubes becomes larger with increa
Reynolds number and cube disturbance diminish after w
distance. Also with increasing Reynolds number the bub
enlarged widely in the cross-stream direction. However
such a high Reynolds number, there is not any flow reatt
ment on the block side surfaces.

Comparing Fig. 7(c) with Fig. 8(b), it is visible that bu
bles formed over the sides of the cubes with lower block
ratios have grown freely rather than those for larger blo
age ratios. Such boundary layer disrupting will influen
the rate of heat transfer from the cubes and causes b
cooling.

Variation of velocity profiles in stream-wise directio
along various lines in forward and leeward side of the c
is shown in Fig. 9(a) and (b) respectively. In this figure, “L”
is the stream-wise distance between the vertical lines
forward face (a) or rear face (b) of the cube. It should
noted that in the recirculating bubbles around the cubesx-
velocity direction is opposite to the upcoming flow directio
However further downstream turbulent boundary layer st
to developing and effects of perturbation diminishes. In
upstream region, closed to the cube, reverse velocity dis
ution is observed. Also behind the cube, in the recircula
bubble (arch-shaped vortex), negative velocity values is
tained.

Pressure field around the cubes are shown in Fig. 10.
figure shows high values of pressure on the front face of
cubes due to the flow stagnation and low pressure on
backward face. Over the side surfaces and behind the c
in the wake, smaller values of pressure observed due to
recirculating bubbles formed over these regions. Far f
the cubes, in upward and downward direction, a unifo
pressure distribution observed due to the sufficient dista
from the cubes boundaries.

Two-dimensional pressure distributions around the c
for the mid-cube section (a) and a plane over the base
(b) is illustrated in Fig. 11. In these figures, pressure field
the mid-plane section of the cube along the stream-wise
rection shows low-pressure area behind the cube as we

over the top surface where the fluid flow has reversing direc-
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Fig. 11. Typical 2D contours of pressure in two sections of a cube moun
over a surface (Re= 7.5× 104 andBr = 10%).

tion. Fig. 11(b) shows high-pressure region in the stagna
area as marked in the illustration.

Dimensionless drag coefficient may be defined as:

CD = FD

Ac(
1
2ρU2∞)

(5)

whereFD is drag force acting on the cube surfaces. T
force has two components, one of which is due to the bou
ary layer surface shear stress (friction drag), the other c
ponent is due to a pressure differential in the flow dir
tion resulting from wake formation (form or pressure dra
Ac is the cube frontal area (the area projected perpen
ular to the free stream velocity). Variation of the avera
drag coefficient over the cube side surfaces is presente
Fig. 12. Comparison of the results with correlations p
sented by Incropera and DeWitt [16] for drag coefficie
for two-dimensional circular cylinder in cross flow and f
a sphere shows consistent trends. The higher is the bloc
ratio, the larger is the value of drag coefficient for the sa
Reynolds number. This figure also indicates that the res
of single cube [10] is nearly the same for the case of blo
age ratio of 10%. In this figure results obtained for a sin
cube by numerical simulation is also added.

Average friction factor coefficient is calculated by:

Cf = τ̄w

1
2ρU2∞

(6)

whereτ̄w is the average wall shear stress over the cube

surfaces. For the studies considered, wall shear stress is de
e

Fig. 12. Comparison of the variation of average drag coefficient over
cube surfaces with other geometries.

Fig. 13. The variation of average friction coefficient over the cube surfa
for different Reynolds numbers and blockage ratios.

termined over the surfaces and its average value is calcu
for each condition. Variation of average friction factor coe
cient(Cf ) over the cube side surfaces versus Reynolds n
ber is illustrated in Fig. 13. For all cases, the average fric
factor coefficient decreases with increasing Reynolds n
ber, which is similar to the flow across two-dimension
circular cylinder. For this case, average friction coeffici
over a single cube is also added and it can be conclu
that for smallest blockage ratio (Br = 10%), results are in
good agreement with the results obtained for a single c
mounted over a surface. This means that blockage ratios
than 10% have no effects on the fluid structure around
cubes.

Fig. 14 illustrates the temperature distribution over
cubes side surfaces with 0.5◦C increments. It can be see
that area about one-third of cube’s height near the top
face is at constant temperature of about 70◦C. In the region
behind the cubes, in the wake, temperature distributio
near the ambient temperature. Temperature differences
the cubes surfaces are very small which is due to high t
mal conductivity of cubes. It seems that these cubes
acting as a resistance imposing the upcoming fluid flow
they will have strong effects on the increasing rate of h
transfer from the base plate if one considers them as l

-surface roughness. Two-dimensional temperature distribu-
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Fig. 14. Typical 3-D contours of cubes surface temperature (Re= 2.5×104

andBr = 50%,Tb = 75◦C, T∞ = 25◦C, increment= 0.5 ◦C).

(a)

(b)

Fig. 15. Typical 2D contours of temperature around the cu
(Re = 7.5 × 104 and Br = 10%, Tb = 75◦C, T∞ = 25◦C,
increment= 0.5 ◦C).

tions in two different sections of a cube is shown in Fig.
In this figure, the values of several temperature contours
marked and large temperature gradients are shown in
front face. This pattern indicates high convective heat tra
fer, while low temperature gradients in the back face nea
base-plate show low convection heat transfer region, sim
to the observation of [8,11].

Average overall Nusselt number over a cube surface
an array of cubes is obtained from numerical simulation
presented in Fig. 16. Overall convective heat transfer
creases with increasing flow Reynolds number and block
ratio, which is due to the strong effects of flow recirculati
on the side surfaces.

For the range of Reynolds numbers of 4.2 × 103 to 1×
105 and blockage ratios from 10 to 50%, numerical res
are combined and a correlation for average Nusselt num
developed to include both effect of Reynolds number
blockage ratios when air withPr = 0.7 blows parallel to an
array of block as follows:

Nu= 0.11Re0.702(1+ 0.68Br) (7)

Results show that for a cube in an array, convective

efficient is higher than single block and also from a two-
Fig. 16. Comparison of the variation of average Nusselt number ove
cube with other studies (Pr = 0.7).

Fig. 17. Variation of the fin efficiency for an array of cubes with differe
blockage ratios.

dimensional square block in cross-stream flow condit
The correlation (7) fitted with average of 0.79% and m
imum 2.17% deviation and shows that convective heat tr
fer increases linearly with closing the space between blo

In the present computations, the cubes can be consid
as finite low fins attached over a surface such as in
exchangers or heating elements. Conjugate conduction
convection heat transfer can simulate the fin performanc
various flow and fin spacing. Fin thermal performance ca
provided by fin efficiency

ηf = qf

qmax
= qf

h̄Af (Tb − T∞)
(8)

From the computations performed local convection
temperature over the entire surfaces of the cube is ca
lated and the rate of heat transferqf is determined by
qf = ∑

h�A(Ts − T∞). Variation of the fin efficiencyηf

is determined from relation (8) and presented in Fig. 17
is obvious that fin efficiency for these cubic blocks is h
due to the small height of these prisms and less resist
opposing convective heat transfer. Comparison of the re
with correlation proposed by Incropera and DeWitt [16]
the rectangular fins shows similar trends but correspo
ing fin efficiency is higher from three-dimensional fins w
adiabatic tips for the same Reynolds number. This resu

similar to the observation of Nusselt number in Fig. 16. The
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fin efficiency is reduced by increasing flow Reynolds nu
ber.

Based on the numerical results, a correlation for fin e
ciency obtained, including the effects of Reynolds num
and blockage ratio. For the range of Reynolds number
4.2 × 103 to 1× 105 and blockage ratios from 10 to 50%
the correlation is:

ηf = 126.69Re−0.027(1+ Br)−0.035 (9)

This correlation fitted with maximum of 2.21% and av
age of 0.7% deviation.

6. Conclusion

Numerical computation is made considering fluid flo
and heat transfer from an array of cubes mounted over a
face with free stream flow and developing boundary la
in the upstream region. Calculations are made for a w
range of Reynolds numbers from 4.2× 103 < Re< 1× 105,
blockage ratios from 10 to 50% andPr = 0.7, and following
conclusions are made:

(1) Bubble formation is strongly depends upon the
coming flow properties and cubes blockage ratio. W
increasing blockage ratio, width of bubbles in cro
stream direction become smaller but the length of b
bles enlarged which is different from a single cube c
ditions.

(2) Average friction factor coefficient decreases with
creasing Reynolds number, which is similar to the fl
across two-dimensional circular cylinder. Also av
age friction factor coefficient increases with increas
blockage ratio.

(3) Overall convective heat transfer increases with incre
ing flow Reynolds number and blockage ratio. Avera
convection on the front surface is higher for all Reyno
numbers. However, convective heat transfer is low o
the back surface for all Reynolds numbers.

(4) For an array of cubes in cross-stream direction, for
range of Reynolds numbers of 4.2× 103 to 1× 105 and
blockage ratios from 10 to 50%, a correlation for av
age Nusselt number is developed asNu= 0.11Re0.702×
(1+ 0.68Br).

(5) Considering such cubic element as a heat sink or a
fin, fin efficiency could determined. Results show th
fin efficiency reduced with increasing Reynolds num
and cubes blockage ratio. Fin efficiency for these cu
blocks is high due to the small height of these pris
and less resistance opposing convective heat transf
-

(6) Analyzing the combined conduction and convection
correlation for fin efficiency, including the effects
Reynolds number and blockage ratio is obtained asηf =
126.69Re−0.027(1+ Br)−0.035.
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