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Abstract

A numerical investigation of convective heat transfer between a fluid and three physical obstacles (blocks) mounted on the lower wall
(2 blocks) and on the upper wall (1 block) of a rectangular channel was conducted. Laminar flow of the fluid circulating through the channel
was assumed. The effect of the Reynolds number, block spacing and dimensions and solid to fluid thermal conductivity ratio were studied.
A uniform heat flux through the blocks was assumed. The results showed that transition from steady to unsteady flows occurred at lower
values of the Reynolds number when an obstacle is placed on the upper wall of the channel. The isotherms around the blocks were presente
and the heat transfer evaluated through the Nusselt number. As expected, the results obtained showed that as the value of the Reynolc
number was increased, the heat removed from the obstacles increased sensibly with a maximum heat removal around the obstacle corner
Moreover, the temperature difference between the three obstacles decreased as the Reynolds number was increased. Some disagreemen
the results was observed when compared with those reported in the literature.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction tive and conductive heat transfer for laminar, transitional
and turbulent boundary layer flow over a flush-mounted.
Convective cooling of electronic components mounted on The authors reported that substrate conduction decreased
circuit boards has been the subject of a large number of monotonically with increased Reynolds number. Moreover,
scientific papers in the last decade. This interest was moti- heat transfer was found to depend not only on the maxi-
vated by the rapid advances in electronic technology with the mum fluctuating velocity but also on the geometry of the
trends of the electronic industry being oriented toward the grooved surface. Young and Vafai [2] investigated the forced
development of more and more compact and powerful com- convective heat transfer of individual and array of multiple
puters. In all circumstances, such an objective may never betwo-dimensional obstacles for a Reynolds number ranging
attained without an effective removal of the heat released by from 800 to 1300. The effect of a change in the chan-
electronic components under operation. nel height and input heat power was investigated and an
Literature in that area is quite diverse as many experi- empirical correlation established. In another study, Wang
mental and theoretical studies have been reported. Ortegaand Vafai [3] studied the mixed convection and pressure
et al. [1] studied experimentally the conjugate convec- |osses in a channel with discrete flush-mounted and protrud-
ing heat sources. In the same work, the effect of obstacle
mponding author. Tel /Fax: (+213)21 24 71 69. geometry and flow rate was considered. An empirical cor-
E-mail addressesa_korichi@hotmail.com (A. Korichi), relation for both pressure drop and Nusselt number was
lounesoufer@yahoo.com, loufer@usthb.dz (L. Oufer). presented.
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Nomenclature

Dy, hydraulic diameter=2H ................. m u,v dimensionless velocity components,
h dimensionless obstacle heighti*/H = o = o
h* obstacle height........................... m u* v* velocity components.................. -gnt
H channelheight................. ... ... ... m w dimensionless obstacle widts, w*/H
K thermal conductivity ............ wh—1.K-1 w* obstaclewidth ........................... m
L dimensionless outlet length x,y  dimensionless coordinates,x*/H, = y*/H
L* outletlength . ........coovveiiiiinaiiin, m x*,y* physical coordinates...................... m
Lo dimensionless inlet length Greek symbols
L3 inletlength ... . L. m e
0 9 o thermal diffusivity,= k/pCp, ......... nf.s1
Nu, local Nusselt number, . . T
_190 0 dimensionless temperature, 5
= 5= 5, Iblock surface . a"H/
_— L m p density . ....o.ovei i kg2
Nuy time averaged local Nusselt number, . o . 1
— 1Y U de v kinematic viscosity .................. Tis
T Jo X , T dimensionless times tuom/H
P dimensionless pressure, p*/pu i
p* pressure.....................o.m. .......... Pa Subscripts
Pe Peclet number cr critical
Pr Prandtl number f fluid
q" heat flux...................cooeunnn. Wi—2 m mel_zn
Re Reynolds number S Soll
s dimensionless obstacle spacirgs™/H 0 inlet
. 1,2,3 refer to obstacle number
s* obstaclespacing.......................... m .
T teMPErature . ......oovveeeeeeeennns. K Superscript
T Me .o S % dimensional

Garimella and Schiltz [4] studied heat transfer enhance- using finite volume formulation, studied forced convection
ment of cooling by using a protruding heat source and an over three block heat sources attached to the lower wall of a
array of roughness elements and ribs on the opposite wall ofchannel. They developed a model for prediction of the Nus-
a narrow rectangular channel. A Nusselt number correlation selt number as a function of the Reynolds and the Prandtl
was proposed. Jubran et al. [5] carried out an investigation of numbers. Using the Gherkin-finite-element formulation, an
heat transfer and pressure drop in rectangular channels conimportant work was carried out by Young and Vafai [10,11]
taining monocubical obstacles. The factors of interest were who investigated the flow and heat transfer in a rectangu-
obstacle dimensions and their shapes. Garimella and EibecKar channel containing many heated obstacles mounted on
[6] examined the effect of spanwise spacing on heat transferits lower wall. The dependence of the flow and temperature
from an array of protruding heat sources in forced convec- fields on parametric changes such as the Reynolds number,
tion. They concluded that the upper limit of heat transfer was solid thermal conductivity, geometric parameters and heat-
obtained at a ratio of 2.2 of the obstacle height to spanwiseing method was studied. The results were presented in the
spacing. In another study [7], the same authors found thatform of correlations established for one and for arrays of
the Nusselt number decreased with an increase in the ratiomultiple heated obstacles.
of channel height to obstacle height, and approached an as- Moreover, in much of the recently reported work, re-
ymptotic value at the fourth row. Very recently, Meinders searchers showed a strong interest in enhancement of heat
and Hanjalic’ [8] presented an investigation on the effect of transfer from electronic components by passive cooling. For
arrangement type of two wall-mounted cubes exposed to tur-instance, Wu and Perng [12] investigated the effect of in-
bulent flow. Their results showed a large variation in the dis- stalling an oblique plate on heat transfer over an array of five
tribution of the local convective heat transfer for the various obstacles mounted in a horizontal channel. They observed an
in-line and staggered configurations utilized. Furthermore, enhancement of heat transfer represented by an increase in
the cube-averaged heat transfer coefficients were found tothe value of the Nusselt number of up to 39.5%. Sultan [13]
be independent of cube placement. carried out an experimental study on the effect of open holes

Numerical studies in that area of research consisting of ratio on the mean heat transfer coefficient from three pro-
enhancement of cooling of electronic devices are becomingtruding mounted blocks simulating electronic components.
more and more numerous. Davalath and Bayazitoglu [9], The results showed an increase in the amount of heat trans-
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fer by about 31% in the value of the Nusselt number. The transport equations in the dimensionless form. The resulting
same technique was used by Leung et al. [14] for Reynolds non-dimensional equations for mass, momentum and energy
numbers ranging from 500 to 19 000. They obtained an in- conservation are presented in the Cartesian coordinate sys-
crease in heat transfer of up to 130%. tem as follows:

Rachedi and Chikh [15] studied the effect of inser- Mass
tion of porous media to enhance heat transfer from three 9, v
mounted surfaces on a wall. The main result presented wasjy . + 5 =0 1)
a maximum decrease of the temperature of the surfaces of o
about 15%. Jubran et al. [16] looked at the convective heat ) 5
transfer and pressure drop over an array of surfaces of bothd ,  du du _ dp 1 (3 u 9 ”) @

= a2 52

rectangular and squared surfaces. Their results showed thatt ax " dy ox Re
the use of individual rectangular modules enhanced heaty-momentum
transfer more than square modules. Implementation of cylin-
drical modules in the middle of an array was also found to % + ua_v va_v - _ p 1 <& 82U>
enhance heat transfer quite sensibly. Finally, Herman and 97 dx dy dy ~ Re\ax? = 9y?
Kang [17] studied the effect of placement of curved vanes Energy
in a grooved channel. Enhancement of heat transfer was at+or the fluid phase
]Eiatlned with rates comparable to those obta|_ned in turbulent ; 20, 80, 1 az@f 829f
ow although at low Reynolds numbers. This enhancement — +y— +v— = —( 5+ —2> (4)
of heat transfer was mainly the result of fluid flow accelera- 97 dx dy  Pe\ dx 9y
tion between the vane and the heated block and the elimina-For the solid phase
tion of large recirculation regions in the grooves. 30 a. /920, 920
. . . S N N s
The present work represents a two-dimensional numeri- — = — <—2 +-— ) (5)
cal investigation of forced laminar convection in a rectangu- 07 @f \ 9x° 9y
lar channel containing three heated obstacles: two attachedBoundary conditiors
to the lower wall and one to the upper wall of the channel, At the inlet, the flow is fully developed with a parabolic
all placed alternatively. The purpose is to quantify the influ- profile uo(y) = 6y(1 — y). The upstream face of the first
ence of alternating the placement of the blocks between theobstacle is located ati, = 6.0. Such distance is chosen
upper and the lower walls. The effect of different geomet- to ensure that the inlet length has no effect on the results.
ric configuration and flow parameters on the conjugate heat The temperature at the first obstacle surface for diffefgnt
transfer and flow field are also explored. values is shown in Fig. 2(a). At the outlet, all gradients are
assumed to be zero. The downstream lenbhs , is consid-
ered significantly long to ensure that the recirculation zone
2. Mathematical formulation is inside the computational domain and the outflow has no
effect upon the physical variables investigated. A value of
The physical geometry considered in this study is shown Lyt = 23 is found to be sufficient. The temperature at the
in Fig. 1. The flow is assumed to be laminar and incompress- last obstacle surface for differetityy; values is shown in
ible. The fluid is viscous Newtonian and buoyancy induced Fig. 2(b). At the channel wallsy(= 0, y = 1), the no-slip
effects are assumed negligible. All the physical properties of condition is assumed, thatis= v = 0.
the fluid and of the solid are considered constant. The Prandtl  For the thermal boundary conditions, the walls are as-
number is taken equal to 0.71. The dimensionless groups dessumed to be insulated except at the obstacle bases where
fined in the nomenclature are used to express the governinga dimensionless heat flux value of unity is imposed (i.e.,

®)

q,.

fluid in

- w H

2stw
. ! :
-— Lin — w -— Lout - >
q q

Fig. 1. Schematic diagram of the flow and geometrical configuration.
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q” = 1). This allows us to calculate the real dimensional
temperature at any position by multiplication with the given

heat flux input sinceT = 9% + Tp. At the solid—fluid in-
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Fig. 2. Effect of channel inlet and outlet lengths on obstacle surface tem-
perature: (a) Effect olj; on the surface temperature of the first obstacle;
(b) Effect of Loyt on the surface temperature of the last obstacle.
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terface, continuity of the heat flux and of the temperature is
also assumed.

3. Numerical solution

The governing transport equations associated with the
boundary conditions were solved using the finite volume for-
mulation. The SIMPLER algorithm developed by Patankar
[18] is adopted. The time discretization scheme is implicit
with second order accuracy. For the spatial discretization the
central second order differencing scheme is used for the dif-
fusive terms and the second order upwind scheme is used
for the convective terms. The iterative solution is contin-
ued until the residuals for all computational cells became
less than 10° for all dependent variables. The grid is non
uniform and is highly concentrated close to the obstacle to
capture high gradient velocity, pressure and temperature. In
order to ensure grid independence of the results, a series of
tests for non uniform grids were carried out. The obtained

0,050
Re, =1000 —m—400X60
k/k=10 —¥— 600X80

00454 |00 —0—1700X100
x =025 —e—3800X118

0,040 -
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0,020
00 0,1 02 03 0.4 05 06 07

Obstacle peripheral distance

Fig. 3. Comparison of the obstacle surface temperature for various mesh
values.
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Fig. 4. Representation of the grid distribution in the channel.
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60

Ref [10] Table 1
Critical values of Reynolds number for various obstacle dimensions

—O—Present study

50

Configuration Rep, .
Caselh=w=s=0.25 ~ 920
Case 2h =5 =0.25;w =0.125 ~ 740
Case 37 =0.125;w =5 =0.25 > 2000
Case 4h =w = 0.25;5 =0.125 ~910
Case 57 =0.5;w =5=0.25 ~ 280

400 to 2000, it was found that the transition from steady to
unsteady flow occurs at low Reynolds number when com-
pared to the channel with no obstacle on the upper wall. For a
00‘0 A L grooved channel, Herman and Kang [17] found that the flow
transition occurred in the Reynolds number range of 1050
to 1300. Similar findings were also reported in the case of an
Fig. 5. Validation plot of the present numerical simulation by comparison oblique plate [12].
with the results of Young and Vafai [10]. The critical Reynolds numbeRep, ., depends on obsta-
cle dimensions and spacing. In this study it is observed that
results are plotted in Fig. 3. The choice of the grid distrib- Rep, , is highly affected by the obstacle height, Table 1
ution (800 x 118) is found to be sufficient for the range of ~ summarises values ®ep,, for the various configurations
Reynolds numbers investigated. The number of nodes dis-considered in this study. The time-averaged dimensionless
tributed over the length of obstacle face for the base line temperature and velocity components are calculated in the
configuration is equal to 32. The grid distribution for this interval containing several flow cycles of vortex shedding.
configuration is shown in Fig. 4. For unsteady flow, the time For a better understanding of the phenomena around the
marching calculations were started with the fluid at rest and heated obstacles, only the flow and thermal fields close to
constant dimensionless time step of 0.001. the heated obstacles are presented in all figures.

In treatment of the solid—fluid interface a domain exten-  To illustrate the effect of modification of the flow pattern
sion method is applied the details of which are largely pre- by placing obstacles in both upper and lower walls, a cal-
sented by Chen and Han [19]. Validation of the numerical culation is performed for two obstacles placed in the lower
simulation was attained by performing calculations for the wall. Fig. 6 shows streamlines for flow in a channel con-
case of laminar flow with one obstacle attached to the lower taining two obstacles attached to the lower wall. It appears
wall, case for which the results exist in the literature. Fig. 5 that without any obstacle on the upper wall, the streamlines
compares the results of the present work with those of Young begin to deflect upstream of the first obstacle. A clockwise
and Vafai [10] for the same conditions. A quite good agree- vortex is generated upstream near the first obstacle. As the
ment is observed between the two studies. At this point, it fluid turns upward into the bypass passage between the top
is to be mentioned that no comparison with experimental face of the first obstacle and the upper channel wall, the fluid
data is performed herein simply because in our knowledge directly impinges the top face of the second obstacle caus-
no such results are available in the literature for local heat ing a recirculation zone to be formed within the interobstacle
transfer and similar geometrical systems. groove. A third and more important clockwise vortex is also

created downstream of the last obstacle. It is noticed that

each obstacle is cooled more than the adjacent one placed
4. Resultsand discussion downstream by about 31%. Moreover, using obstacles on

both the upper and lower walls, counterclockwise vortices

The dimensionless parameters that must be specifiedare developed upstream and downstream of the upper wall
and which characterise the flow field and heat transfer obstacle. The fluid flows upward into the narrow space be-
are the Reynolds number based on the hydraulic diametertween the obstacles on the lower and upper walls with a
Rep, (D, = 2H), the obstacles dimensioris,w ands, and quite drastic acceleration. As a result, the recirculation zones

Obstacle peripheral distance

the thermal conductivity ratids/ ks. become shorter and more intense except for the last recircu-
The Reynolds number is varied from 400 to 2000 for the lating zone. The vortex in interobstacle groove is seen to be
baseline configuratiom(= w = s = 0.25), andks/ ks = 10. the most affected. The fluid flow then interacts more with

The effect of thermal conductivity ratio is investigated in the the obstacle faces as illustrated by Fig. 7(a) which shows
range 10 to 1000 faRep, = 800 and baseline configuration. the streamlines foRep, = 400 and for a baseline configu-
For the effect of obstacles dimensions, the Reynolds numberration 2 = w = s = 0.25. It is observed that the flow tends
and thermal conductivity ratio are taken equal to 800 and 10, to enter in-between obstacle cavities. For higher values of
respectively. By considering the time evolution of the flow the Reynolds number (Fig. 7(b) and (c)), the flow becomes
and thermal fields in the range of Reynolds number from unsteady periodic and the length of the recirculation zone



A. Korichi, L. Oufer / International Journal of Thermal Sciences 44 (2005) 644—-655

ReDH=200
kalkf=10
h=023
w=025
1.00
S
075 B——— e
_,—o—'—'_'_'_’ —_——.
- -
B 050 — “—:_——_———%——:———
I ———— —_—
_ —
- _—
025 F —————— . —_——
— W —
F —_ —
| e
3 7

0.00
X

Fig. 6. Streamlines obtained in the absence of an obstacle on the upper wall.

ReDh=400
ks/kf=10
h=0.25
w=0.25
5=0.25

ReDh=1200
ks/kf=10
h=0.25
w=0.25
5=0.25

ReDh=2000
ks/kf=10
h=0.25
w=0.25
s=0.25

Fig. 7. Time-averaged streamlines f@y k = 10,h = w = 0.25= 0.25 and for: (aRe= 400; (b)Re= 1200; (c)Re= 2000.
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X

Fig. 8. Streamlines per cycle of vortex sheddingrat= 1200 and: = w = s = 0.25.

seems to get reduced when compared with the configurationan arrangement of obstacles [13] in which the streamlines
without obstacle on the upper wall. Besides, the recircula- present a wavy form at the end of the array. It is clear that
tion zone behind the last obstacle is more pronounced. Inunsteadiness seems more pronounced as Reynolds number
the transition from steady to unsteady periodic flows, a wave increases.

is induced by vortex shedding behind the last obstacle. This The representation of the time-averaged isotherm con-
wave results in a change of the recirculating zone behind thetours obtained for different values of the Reynolds number
latter. Fig. 8 shows instantaneous streamlines for five time is shown in Fig. 9. It is observed that the isotherm lines are
intervals within one period of oscillation. This phenomenon denser close to the upstream and the top faces of the ob-
is similar to that obtained by employing an oblique plate over stacles. Furthermore, the isotherm contours near the down-
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ReDh=400 Temp. level
ks/kf=10 min=0.005
h=0(j 225S max=0.06
w=0. -
s=0.25 delta=0.005

ReDh=1200 Temp. level
ks/kf=10 min=0.004
3200-2255 max=0.032
e delta=0.004
1.00
0.75
> 0.50 |
0.25
0005560 65 7.0 75 X 80 85 90 95 100
(b)
ReDh=2000 Temp. level
ks/kf=10 min=0.0025
h=0.25 max=0.028
w=0.25 delta=0.0036
$=0.25
1.00
0.75
> 0.50 |
0.25
0.00545
Fig. 9. Time-averaged isotherms fy/ k = 10,h = w = s = 0.25 and for: (a)Re= 400; (b)Re= 1200; (c)Re= 2000.

stream face of the obstacles are denser than those obtainede noticed that the temperature difference between the first
in channels without obstacle on the upper wall. The latter re- and the third obstacle decreases with increasing Reynolds
sults are not presented here for conciseness but if needednumber, in contrast with the case where no obstacle is
the reader may consult the related references [9,11]. It is present on the upper wall. The time-averaged temperature of
also observed that when the Reynolds number increasespbstacle surface fdRep, < 1200 shown in Fig. 10 indicates
a vortex appears inside the inter-obstacle cavities and thethat the surface temperature profile around the first obstacle
isotherm contours become thoroughly denser especially neaiis located below that of the third one, and the temperature
the faces. This yields to the removal of higher quantities of of the second is even lower than the two. This may be ex-
energy from both the right and the left obstacle faces. plained by the fact that the first obstacle situated in the free
In Figs. 10 and 11 is represented the time-averaged di-stream causes a very weak clockwise vortex to form forward
mensionless temperature of the obstacle surfaces as a funco the upward lower corner as was discussed elsewhere [11].
tion of the obstacle peripheral distance and as a function of For the second obstacle the flow is redirected by the top of
the dimensionless channel distance, respectively. First, It canthe first obstacle which then removes more energy from his
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Fig. 10. Time-averaged temperature at the surface of the three obstaclesFig. 11. Time-averaged temperature at the inner surface channel walls for

for ks/kf = 10, h = w = s = 0.25 and for: (a)Re= 400; (b) Re= 1200;

(c) Re= 2000.

ks/ki =10, h = w = s = 0.25 and for: (a)Re= 400; (b) Re= 1200;
(c) Re= 2000.

first corner. At higher values of the Reynolds number the be removed from the obstacles by the fluid. Fig. 11 presents
strength of the redirected flow to the third obstacle is less. the lower and upper isolated time-averaged wall temperature
As a result, the temperature for the three obstacles becomegrofiles for different values of the Reynolds number along
nearly the same. In that situation, the flow mix well with the the channel distance. The results agree well with those pre-
obstacle bases and therefore higher quantities of heat mayiously presented in the plots of Fig. 10. It is important to
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60 60
0.25—= 0.5 Re,, =800 || Obstacle 1 ——Re, =400
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Fig. 12. Variation of the local Nusselt number along the peripheral distance 60
for the three obstacles faég/ kf = 10,h = w = s = 0.25 andRe= 800. || Qbstacle2 Re,, =400
k/k=10 i === Re, =1200
50 -|h=0.25 B - - Ren=2000
. . . w=0.25
mention that the temperature of the wall is the maximum 1ls=0.25

temperature of the component because the temperature dis- 40
tribution in the component is such that it decreases from the
wall to the edge of the component.

The heat transfer rate characterised by the value of the
Nusselt number calculated for the three obstacles is pre-
sented in Fig. 12 as a function of the obstacle peripheral
distance folRep, = 800. All three curves show a peak value
at the corner of each obstacle. Moreover, Fig. 13 represents
the time-averaged Nusselt number obtained for each of the
three obstacles but for values of the Reynolds nhumber equal
to 400, 1200 and 2000. As expected, it can be clearly ob-
served that values of the Nusselt number become higher

Nusselt

0,0 0,1 0.2 03 0,4 05 0,6 0,7
Obstacle peripheral distance

(b)

60

with increasing values in the Reynolds number. For rela- | Obstacte3 Re, =400
tively large values of the latteRgp, > 1000), the Nusselt sl el o
number curve for the left face of the third obstacle present a Jjw=02s
local maximum in the face distance. It is believed that such a 02

40
phenomenon is the result of flow redirection toward the op-

posite wall by the obstacle. The value of the Nusselt number
at the right face of the first and of the third obstacle is nearly
constant and has always a positive value. Such an observa-
tion seems to be opposite to that previously mentioned in the
case of a configuration composed of an array of obstacles in
the lower wall [11]. For the first obstacle, the horizontal face
is the most affected by the Reynolds number while for the

304

Nusselt

second one, the value of the Nusselt number at the horizon- 00 01 02 03 04 05 08 07
tal face decreases with increasing Reynolds number because Obstacle peripheral distance
of the sudden deflection of the flow at the obstacle corner. (©)

The time-averaged overall Nusselt number for the three
obstacles is shown in Fig. 14. For a low value of Reynolds
number & 1200), the Nusselt number for the second obsta-
cle is greater than that of the first which itself is greater than
that of the third Nun2 > Nun1 > Nupsz). At high Reynolds
number values, the time-averaged overall Nusselt number The effect of thermal conductivity raticd/kf) on heat
for the first obstacle becomes nearly equal to that for the transfer from the three obstacles is treated in Fig. 15. The
second one. For the other obstacles and for high Reynoldsresults obtained agree well with those reported by Young and
numbers, the flow redirected by the obstacle situated at theVafai [10,11]. As the thermal conductivity ratio increases,
opposite wall mix well the surface obstacle. the conductive flux in the solid phase encounters less thermal

Fig. 13. Effect of Reynolds number on the time-averaged local Nusselt num-
ber forks/ ks = 10,h = w = s = 0.25 and for obstacle 1(a), 2(b), 3(c).
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Fig. 15. Effect of the thermal conductivity ratio on heat transfer for the

Fig. 14. Variation of the time-averaged overall Nusselt number
first obstacle and fok = w = s = 0.25.

with Reynolds number for the three obstaclds/ks = 10 and

h=w=s=0.25.
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Fig. 16. Time-averaged temperature of channel wallskfgik; = 10, Re= 800 and for: (a)h = s = 0.25, w = 0.125; (b) w = s = 0.25, h = 0.125;
(¢)h=w=0.25,5 =0.125; (d)w =5 =0.25,h = 0.5.

resistance and as a result and gy k; > 1000, the solid stacle geometries. The minimum obstacle base temperature
phase becomes nearly isotherm. with respect to obstacle width is obtained for= 0.125 as

Finally, Fig. 16 shows the time-averaged temperature pro- this corresponds to the minimum input heat flux to the ob-
file of the isolated upper and lower walls for different ob- stacle base. For obstacle heights= 0.125 0.25 and 0.5,
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