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Abstract

A numerical investigation of convective heat transfer between a fluid and three physical obstacles (blocks) mounted on the l
(2 blocks) and on the upper wall (1 block) of a rectangular channel was conducted. Laminar flow of the fluid circulating through the
was assumed. The effect of the Reynolds number, block spacing and dimensions and solid to fluid thermal conductivity ratio wer
A uniform heat flux through the blocks was assumed. The results showed that transition from steady to unsteady flows occurre
values of the Reynolds number when an obstacle is placed on the upper wall of the channel. The isotherms around the blocks wer
and the heat transfer evaluated through the Nusselt number. As expected, the results obtained showed that as the value of th
number was increased, the heat removed from the obstacles increased sensibly with a maximum heat removal around the obsta
Moreover, the temperature difference between the three obstacles decreased as the Reynolds number was increased. Some dis
the results was observed when compared with those reported in the literature.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Convective cooling of electronic components mounted
circuit boards has been the subject of a large numbe
scientific papers in the last decade. This interest was m
vated by the rapid advances in electronic technology with
trends of the electronic industry being oriented toward
development of more and more compact and powerful c
puters. In all circumstances, such an objective may neve
attained without an effective removal of the heat release
electronic components under operation.

Literature in that area is quite diverse as many exp
mental and theoretical studies have been reported. O
et al. [1] studied experimentally the conjugate conv
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tive and conductive heat transfer for laminar, transitio
and turbulent boundary layer flow over a flush-mount
The authors reported that substrate conduction decre
monotonically with increased Reynolds number. Moreo
heat transfer was found to depend not only on the m
mum fluctuating velocity but also on the geometry of
grooved surface. Young and Vafai [2] investigated the for
convective heat transfer of individual and array of multi
two-dimensional obstacles for a Reynolds number rang
from 800 to 1300. The effect of a change in the ch
nel height and input heat power was investigated and
empirical correlation established. In another study, W
and Vafai [3] studied the mixed convection and press
losses in a channel with discrete flush-mounted and prot
ing heat sources. In the same work, the effect of obst
geometry and flow rate was considered. An empirical c
relation for both pressure drop and Nusselt number

presented.
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Nomenclature

Dh hydraulic diameter,= 2H . . . . . . . . . . . . . . . . . m
h dimensionless obstacle height,= h∗/H
h∗ obstacle height . . . . . . . . . . . . . . . . . . . . . . . . . . . m
H channel height . . . . . . . . . . . . . . . . . . . . . . . . . . . m
K thermal conductivity . . . . . . . . . . . . W·m−1·K−1

L dimensionless outlet length
L∗ outlet length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
L0 dimensionless inlet length
L∗

0 inlet length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Nux local Nusselt number,

= −1
θm

∂θ
∂n

|block surface

Nux time averaged local Nusselt number,
= 1

τp

∫ τp

0 NuX dτ

P dimensionless pressure,= p∗/ρu2
0m

p∗ pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
Pe Peclet number
Pr Prandtl number
q ′′ heat flux. . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

Re Reynolds number
s dimensionless obstacle spacing,= s∗/H
s∗ obstacle spacing . . . . . . . . . . . . . . . . . . . . . . . . . . m
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
T time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s

u,v dimensionless velocity components,
= u∗

u0m
,= v∗

u0m

u∗, v∗ velocity components . . . . . . . . . . . . . . . . . . m·s−1

w dimensionless obstacle width,= w∗/H
w∗ obstacle width . . . . . . . . . . . . . . . . . . . . . . . . . . . m
x, y dimensionless coordinates,= x∗/H,= y∗/H
x∗, y∗ physical coordinates . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

α thermal diffusivity,= k/ρCp . . . . . . . . . m2·s−1

θ dimensionless temperature,= T −T0
q ′′H/k

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

ν kinematic viscosity . . . . . . . . . . . . . . . . . . m2·s−1

τ dimensionless time,= tu0m/H

Subscripts

cr critical
f fluid
m mean
s solid
0 inlet
1,2,3 refer to obstacle number

Superscript
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Garimella and Schiltz [4] studied heat transfer enhan
ment of cooling by using a protruding heat source and
array of roughness elements and ribs on the opposite wa
a narrow rectangular channel. A Nusselt number correla
was proposed. Jubran et al. [5] carried out an investigatio
heat transfer and pressure drop in rectangular channels
taining monocubical obstacles. The factors of interest w
obstacle dimensions and their shapes. Garimella and Ei
[6] examined the effect of spanwise spacing on heat tran
from an array of protruding heat sources in forced conv
tion. They concluded that the upper limit of heat transfer w
obtained at a ratio of 2.2 of the obstacle height to spanw
spacing. In another study [7], the same authors found
the Nusselt number decreased with an increase in the
of channel height to obstacle height, and approached a
ymptotic value at the fourth row. Very recently, Meinde
and Hanjalic’ [8] presented an investigation on the effec
arrangement type of two wall-mounted cubes exposed to
bulent flow. Their results showed a large variation in the d
tribution of the local convective heat transfer for the vario
in-line and staggered configurations utilized. Furtherm
the cube-averaged heat transfer coefficients were foun
be independent of cube placement.

Numerical studies in that area of research consistin
enhancement of cooling of electronic devices are becom

more and more numerous. Davalath and Bayazitoglu [9],
-

-

using finite volume formulation, studied forced convect
over three block heat sources attached to the lower wall
channel. They developed a model for prediction of the N
selt number as a function of the Reynolds and the Pra
numbers. Using the Gherkin-finite-element formulation,
important work was carried out by Young and Vafai [10,1
who investigated the flow and heat transfer in a rectan
lar channel containing many heated obstacles mounte
its lower wall. The dependence of the flow and tempera
fields on parametric changes such as the Reynolds num
solid thermal conductivity, geometric parameters and h
ing method was studied. The results were presented in
form of correlations established for one and for arrays
multiple heated obstacles.

Moreover, in much of the recently reported work,
searchers showed a strong interest in enhancement of
transfer from electronic components by passive cooling.
instance, Wu and Perng [12] investigated the effect of
stalling an oblique plate on heat transfer over an array of
obstacles mounted in a horizontal channel. They observe
enhancement of heat transfer represented by an increa
the value of the Nusselt number of up to 39.5%. Sultan [
carried out an experimental study on the effect of open h
ratio on the mean heat transfer coefficient from three p
truding mounted blocks simulating electronic compone

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. T
same technique was used by Leung et al. [14] for Reyn
numbers ranging from 500 to 19 000. They obtained an
crease in heat transfer of up to 130%.

Rachedi and Chikh [15] studied the effect of ins
tion of porous media to enhance heat transfer from th
mounted surfaces on a wall. The main result presented
a maximum decrease of the temperature of the surface
about 15%. Jubran et al. [16] looked at the convective h
transfer and pressure drop over an array of surfaces of
rectangular and squared surfaces. Their results showed
the use of individual rectangular modules enhanced
transfer more than square modules. Implementation of cy
drical modules in the middle of an array was also found
enhance heat transfer quite sensibly. Finally, Herman
Kang [17] studied the effect of placement of curved va
in a grooved channel. Enhancement of heat transfer wa
tained with rates comparable to those obtained in turbu
flow although at low Reynolds numbers. This enhancem
of heat transfer was mainly the result of fluid flow accele
tion between the vane and the heated block and the elim
tion of large recirculation regions in the grooves.

The present work represents a two-dimensional num
cal investigation of forced laminar convection in a rectan
lar channel containing three heated obstacles: two atta
to the lower wall and one to the upper wall of the chann
all placed alternatively. The purpose is to quantify the in
ence of alternating the placement of the blocks between
upper and the lower walls. The effect of different geom
ric configuration and flow parameters on the conjugate
transfer and flow field are also explored.

2. Mathematical formulation

The physical geometry considered in this study is sho
in Fig. 1. The flow is assumed to be laminar and incompr
ible. The fluid is viscous Newtonian and buoyancy induc
effects are assumed negligible. All the physical propertie
the fluid and of the solid are considered constant. The Pra
number is taken equal to 0.71. The dimensionless group

fined in the nomenclature are used to express the governing

Fig. 1. Schematic diagram of the fl
f

t

-

l
-

transport equations in the dimensionless form. The resu
non-dimensional equations for mass, momentum and en
conservation are presented in the Cartesian coordinate
tem as follows:
Mass:
∂u

∂x
+ ∂v

∂y
= 0 (1)

x-momentum:

∂u

∂τ
+ u

∂u

∂x
+ v

∂u

∂y
= −∂p

∂x
+ 1

Re

(
∂2u

∂x2
+ ∂2u

∂y2

)
(2)

y-momentum:

∂v

∂τ
+ u

∂v

∂x
+ v

∂v

∂y
= −∂p

∂y
+ 1

Re

(
∂2v

∂x2
+ ∂2v

∂y2

)
(3)

Energy:
For the fluid phase:

∂θf

∂τ
+ u

∂θf

∂x
+ v

∂θf

∂y
= 1

Pe

(
∂2θf

∂x2
+ ∂2θf

∂y2

)
(4)

For the solid phase:

∂θs

∂τ
= αs

αf

(
∂2θs

∂x2
+ ∂2θs

∂y2

)
(5)

Boundary conditions:
At the inlet, the flow is fully developed with a parabol

profile u0(y) = 6y(1 − y). The upstream face of the fir
obstacle is located atLin = 6.0. Such distance is chose
to ensure that the inlet length has no effect on the res
The temperature at the first obstacle surface for differentLin
values is shown in Fig. 2(a). At the outlet, all gradients
assumed to be zero. The downstream length,Lout , is consid-
ered significantly long to ensure that the recirculation z
is inside the computational domain and the outflow has
effect upon the physical variables investigated. A value
Lout = 23 is found to be sufficient. The temperature at
last obstacle surface for differentLout values is shown in
Fig. 2(b). At the channel walls (y = 0, y = 1), the no-slip
condition is assumed, that isu = v = 0.

For the thermal boundary conditions, the walls are
sumed to be insulated except at the obstacle bases w

a dimensionless heat flux value of unity is imposed (i.e.,
ow and geometrical configuration.
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q ′′ = 1). This allows us to calculate the real dimensio
temperature at any position by multiplication with the giv
heat flux input since,T = θ

q ′′H
kf

+ T0. At the solid–fluid in-

(a)

(b)

Fig. 2. Effect of channel inlet and outlet lengths on obstacle surface
perature: (a) Effect ofLin on the surface temperature of the first obstac

(b) Effect ofLout on the surface temperature of the last obstacle.

Fig. 4. Representation of the g
terface, continuity of the heat flux and of the temperatur
also assumed.

3. Numerical solution

The governing transport equations associated with
boundary conditions were solved using the finite volume
mulation. The SIMPLER algorithm developed by Patan
[18] is adopted. The time discretization scheme is impl
with second order accuracy. For the spatial discretization
central second order differencing scheme is used for the
fusive terms and the second order upwind scheme is
for the convective terms. The iterative solution is cont
ued until the residuals for all computational cells beca
less than 10−6 for all dependent variables. The grid is n
uniform and is highly concentrated close to the obstacl
capture high gradient velocity, pressure and temperatur
order to ensure grid independence of the results, a seri
tests for non uniform grids were carried out. The obtain

Fig. 3. Comparison of the obstacle surface temperature for various

values.
rid distribution in the channel.
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Fig. 5. Validation plot of the present numerical simulation by compari
with the results of Young and Vafai [10].

results are plotted in Fig. 3. The choice of the grid distr
ution (800× 118) is found to be sufficient for the range
Reynolds numbers investigated. The number of nodes
tributed over the length of obstacle face for the base
configuration is equal to 32. The grid distribution for th
configuration is shown in Fig. 4. For unsteady flow, the ti
marching calculations were started with the fluid at rest
constant dimensionless time step of 0.001.

In treatment of the solid–fluid interface a domain ext
sion method is applied the details of which are largely p
sented by Chen and Han [19]. Validation of the numer
simulation was attained by performing calculations for
case of laminar flow with one obstacle attached to the lo
wall, case for which the results exist in the literature. Fig
compares the results of the present work with those of Yo
and Vafai [10] for the same conditions. A quite good agr
ment is observed between the two studies. At this poin
is to be mentioned that no comparison with experime
data is performed herein simply because in our knowle
no such results are available in the literature for local h
transfer and similar geometrical systems.

4. Results and discussion

The dimensionless parameters that must be spec
and which characterise the flow field and heat tran
are the Reynolds number based on the hydraulic diam
ReDh

(Dh = 2H), the obstacles dimensions,h, w ands, and
the thermal conductivity ratio,ks/kf .

The Reynolds number is varied from 400 to 2000 for
baseline configuration (h = w = s = 0.25), andks/kf = 10.
The effect of thermal conductivity ratio is investigated in t
range 10 to 1000 forReDh

= 800 and baseline configuratio
For the effect of obstacles dimensions, the Reynolds num
and thermal conductivity ratio are taken equal to 800 and
respectively. By considering the time evolution of the fl

and thermal fields in the range of Reynolds number from
,

Table 1
Critical values of Reynolds number for various obstacle dimensions

Configuration ReDhcr

Case 1:h = w = s = 0.25 ∼ 920
Case 2:h = s = 0.25;w = 0.125 ∼ 740
Case 3:h = 0.125;w = s = 0.25 > 2000
Case 4:h = w = 0.25; s = 0.125 ∼ 910
Case 5:h = 0.5; w = s = 0.25 ∼ 280

400 to 2000, it was found that the transition from steady
unsteady flow occurs at low Reynolds number when c
pared to the channel with no obstacle on the upper wall. F
grooved channel, Herman and Kang [17] found that the fl
transition occurred in the Reynolds number range of 1
to 1300. Similar findings were also reported in the case o
oblique plate [12].

The critical Reynolds numberReDhcr depends on obsta
cle dimensions and spacing. In this study it is observed
ReDhcr is highly affected by the obstacle height,h. Table 1
summarises values ofReDhcr for the various configuration
considered in this study. The time-averaged dimension
temperature and velocity components are calculated in
interval containing several flow cycles of vortex sheddi
For a better understanding of the phenomena around
heated obstacles, only the flow and thermal fields clos
the heated obstacles are presented in all figures.

To illustrate the effect of modification of the flow patte
by placing obstacles in both upper and lower walls, a
culation is performed for two obstacles placed in the low
wall. Fig. 6 shows streamlines for flow in a channel co
taining two obstacles attached to the lower wall. It appe
that without any obstacle on the upper wall, the streaml
begin to deflect upstream of the first obstacle. A clockw
vortex is generated upstream near the first obstacle. A
fluid turns upward into the bypass passage between the
face of the first obstacle and the upper channel wall, the fl
directly impinges the top face of the second obstacle c
ing a recirculation zone to be formed within the interobsta
groove. A third and more important clockwise vortex is a
created downstream of the last obstacle. It is noticed
each obstacle is cooled more than the adjacent one p
downstream by about 31%. Moreover, using obstacles
both the upper and lower walls, counterclockwise vorti
are developed upstream and downstream of the upper
obstacle. The fluid flows upward into the narrow space
tween the obstacles on the lower and upper walls wit
quite drastic acceleration. As a result, the recirculation zo
become shorter and more intense except for the last rec
lating zone. The vortex in interobstacle groove is seen t
the most affected. The fluid flow then interacts more w
the obstacle faces as illustrated by Fig. 7(a) which sh
the streamlines forReDh

= 400 and for a baseline configu
ration h = w = s = 0.25. It is observed that the flow tend
to enter in-between obstacle cavities. For higher value
the Reynolds number (Fig. 7(b) and (c)), the flow becom

unsteady periodic and the length of the recirculation zone
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Fig. 6. Streamlines obtained in the absence of an obstacle on the upper wall.

(a)

(b)

(c)
Fig. 7. Time-averaged streamlines forks/kf = 10,h = w = 0.25= 0.25 and for: (a)Re= 400; (b)Re= 1200; (c)Re= 2000.
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Fig. 8. Streamlines per cycle of vortex shedding atRe= 1200 andh = w = s = 0.25.
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seems to get reduced when compared with the configura
without obstacle on the upper wall. Besides, the recirc
tion zone behind the last obstacle is more pronounced
the transition from steady to unsteady periodic flows, a w
is induced by vortex shedding behind the last obstacle.
wave results in a change of the recirculating zone behind
latter. Fig. 8 shows instantaneous streamlines for five t
intervals within one period of oscillation. This phenomen

is similar to that obtained by employing an oblique plate over
an arrangement of obstacles [13] in which the streaml
present a wavy form at the end of the array. It is clear
unsteadiness seems more pronounced as Reynolds nu
increases.

The representation of the time-averaged isotherm c
tours obtained for different values of the Reynolds num
is shown in Fig. 9. It is observed that the isotherm lines
denser close to the upstream and the top faces of the

stacles. Furthermore, the isotherm contours near the down-
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(a)

(b)

(c)

Fig. 9. Time-averaged isotherms forks/kf = 10,h = w = s = 0.25 and for: (a)Re= 400; (b)Re= 1200; (c)Re= 2000.
aine
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ard
[11].
p of
stream face of the obstacles are denser than those obt
in channels without obstacle on the upper wall. The latter
sults are not presented here for conciseness but if nee
the reader may consult the related references [9,11].
also observed that when the Reynolds number increa
a vortex appears inside the inter-obstacle cavities and
isotherm contours become thoroughly denser especially
the faces. This yields to the removal of higher quantities
energy from both the right and the left obstacle faces.

In Figs. 10 and 11 is represented the time-averaged
mensionless temperature of the obstacle surfaces as a
tion of the obstacle peripheral distance and as a functio

the dimensionless channel distance, respectively. First, It can
d

,

,

r

-

be noticed that the temperature difference between the
and the third obstacle decreases with increasing Reyn
number, in contrast with the case where no obstacl
present on the upper wall. The time-averaged temperatu
obstacle surface forReDh

� 1200 shown in Fig. 10 indicate
that the surface temperature profile around the first obs
is located below that of the third one, and the tempera
of the second is even lower than the two. This may be
plained by the fact that the first obstacle situated in the
stream causes a very weak clockwise vortex to form forw
to the upward lower corner as was discussed elsewhere
For the second obstacle the flow is redirected by the to

the first obstacle which then removes more energy from his
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(a)

(b)

(c)

Fig. 10. Time-averaged temperature at the surface of the three obs
for ks/kf = 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
strength of the redirected flow to the third obstacle is le
As a result, the temperature for the three obstacles beco
nearly the same. In that situation, the flow mix well with t

obstacle bases and therefore higher quantities of heat may
s

s

(a)

(b)

(c)

Fig. 11. Time-averaged temperature at the inner surface channel wa
ks/kf = 10, h = w = s = 0.25 and for: (a)Re= 400; (b) Re= 1200;
(c) Re= 2000.

be removed from the obstacles by the fluid. Fig. 11 pres
the lower and upper isolated time-averaged wall tempera
profiles for different values of the Reynolds number alo
the channel distance. The results agree well with those

viously presented in the plots of Fig. 10. It is important to
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Fig. 12. Variation of the local Nusselt number along the peripheral dista
for the three obstacles forks/kf = 10,h = w = s = 0.25 andRe= 800.

mention that the temperature of the wall is the maxim
temperature of the component because the temperatur
tribution in the component is such that it decreases from
wall to the edge of the component.

The heat transfer rate characterised by the value of
Nusselt number calculated for the three obstacles is
sented in Fig. 12 as a function of the obstacle periph
distance forReDh

= 800. All three curves show a peak val
at the corner of each obstacle. Moreover, Fig. 13 repres
the time-averaged Nusselt number obtained for each o
three obstacles but for values of the Reynolds number e
to 400, 1200 and 2000. As expected, it can be clearly
served that values of the Nusselt number become hi
with increasing values in the Reynolds number. For re
tively large values of the latter (ReDh

> 1000), the Nussel
number curve for the left face of the third obstacle prese
local maximum in the face distance. It is believed that suc
phenomenon is the result of flow redirection toward the
posite wall by the obstacle. The value of the Nusselt num
at the right face of the first and of the third obstacle is ne
constant and has always a positive value. Such an obs
tion seems to be opposite to that previously mentioned in
case of a configuration composed of an array of obstacle
the lower wall [11]. For the first obstacle, the horizontal fa
is the most affected by the Reynolds number while for
second one, the value of the Nusselt number at the hori
tal face decreases with increasing Reynolds number bec
of the sudden deflection of the flow at the obstacle corne

The time-averaged overall Nusselt number for the th
obstacles is shown in Fig. 14. For a low value of Reyno
number (< 1200), the Nusselt number for the second ob
cle is greater than that of the first which itself is greater t
that of the third (Num2 > Num1 > Num3). At high Reynolds
number values, the time-averaged overall Nusselt num
for the first obstacle becomes nearly equal to that for
second one. For the other obstacles and for high Reyn
numbers, the flow redirected by the obstacle situated a

opposite wall mix well the surface obstacle.
-

l

-

e

(a)

(b)

(c)

Fig. 13. Effect of Reynolds number on the time-averaged local Nusselt n
ber forks/kf = 10,h = w = s = 0.25 and for obstacle 1(a), 2(b), 3(c).

The effect of thermal conductivity ratio (ks/kf) on heat
transfer from the three obstacles is treated in Fig. 15.
results obtained agree well with those reported by Young
Vafai [10,11]. As the thermal conductivity ratio increas

the conductive flux in the solid phase encounters less thermal
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the
Fig. 14. Variation of the time-averaged overall Nusselt number
with Reynolds number for the three obstacles,ks/kf = 10 and
h = w = s = 0.25.

Fig. 15. Effect of the thermal conductivity ratio on heat transfer for
first obstacle and forh = w = s = 0.25.

(a) (b)

(c) (d)

Fig. 16. Time-averaged temperature of channel walls forks/kf = 10, Re= 800 and for: (a)h = s = 0.25, w = 0.125; (b) w = s = 0.25, h = 0.125;

(c) h = w = 0.25, s = 0.125; (d)w = s = 0.25,h = 0.5.

pro-

ature

ob-
resistance and as a result and forks/kf � 1000, the solid
phase becomes nearly isotherm.

Finally, Fig. 16 shows the time-averaged temperature

file of the isolated upper and lower walls for different ob-
stacle geometries. The minimum obstacle base temper
with respect to obstacle width is obtained forw = 0.125 as
this corresponds to the minimum input heat flux to the

stacle base. For obstacle heightsh = 0.125,0.25 and 0.5,
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the minimum temperature is obtained ath = 0.5 which cor-
responds to the maximum exchange surface for the s
input heat flux. Besides, a higher obstacle accelerates
ther the fluid flow and therefore more heat gets removed
the fluid. Moreover, the obstacle spacing seems to hav
significant effect as opposed to the case of an array of ob
cles placed in the same wall [10,11]. A possible explana
of such findings is that for lower spacing, the flow intera
well with the vertical obstacle face, and larger spacings
fer more heat diffusion into the fluid before its contact w
the obstacle surface situated downstream.

5. Conclusion

A study of heat transfer and fluid flow in a horizon
channel containing two obstacles on the lower wall and
obstacle on the upper wall located in between the two
conducted. The various parameters investigated were
Reynolds number, the thermal conductivity ratio between
solid and the fluid and the obstacle dimensions. All three
stacles were assumed to be heated with a uniform hea
which simulates the heat to be generated by electronic c
ponents.

The study first showed that when an obstacle is adde
the upper wall of the channel, the transition from stead
unsteady flow is obtained at lower values of the Reyno
number. The various isotherms and Nusselt number cu
were presented. The results obtained showed that a
value of the Reynolds number was increased, the hea
moved from the obstacles increased sensibly with a m
mum heat removal around the obstacle corners. Moreo
the temperature difference between the three obstacle
creases as the Reynolds number is increased. It has
mentioned that some of the results obtained did not a
with those reported previously in the literature for the c
of an array of obstacles placed on the lower wall.

Vortex shedding generated by the obstacle on the u
wall can additionally enhance heat transfer along the
stacle surfaces. The wavy flow significantively changes
recirculating zone behind the last obstacle.

The study also showed the same findings as previo
reported by other authors concerning the effect of the s
to fluid thermal conductivity ratio. Finally, changing the o
stacle dimensions seemed to reduce to changing the
transfer surface between the solid and the fluid in the s
that higher heat transfer is obtained for higher obstacle
mensions.
-

e
-

-
e
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