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Abstract

This study presents a numerical investigation on heat transfer enhancement of mixed convective ~ow in a horizontal
block!heated channel[ The heat transfer enhancement in this study has been accomplished by the installation of an
oblique plate for internal ~ow modi_cation induced by vortex shedding[ The oblique angle of the plate is changed "29Ð
89># under Reynolds numbers "159Ð429# and Grashof numbers "9Ð2 199 999# for the purpose of investigating the heat
transfer performance[ The results show that the installation of an oblique plate in cross!~ow above an upstream block
can e}ectively enhance the heat transfer performance of mixed convection in the horizontal channel ~ow[ Þ 0887
Elsevier Science Ltd[ All rights reserved[

Nomenclature

A di}usion matrix of energy equation
Cp pressure coe.cient "1ÐPds:Ðds#
D divergence matrix
d length of the oblique plate
ds surface area increment along the oblique plate
fs frequency of the vortex shedding
Gr Grashof number "`bqw3:kn1#
H pressure gradient matrix
H channel wall!to!wall spacing
h height of the block
K conduction matrix
k thermal conductivity
L channel length
M mass matrix
Nu Nusselt number
NÞu time!mean Nusselt number "ÐNu dt:Ðdt#
n normal vector
ng unit vector along the gravity direction
P pressure vector of nodal points
P dimensionless pressure "p�:pu1

�#
p� pressure
Pr Prandtl number "n:l#

� Corresponding author[ Tel[] 99775 95 163 6907^ fax] 99775
95 163 6908^ e!mail] whwÝnmdec[nm[ncku[edu[tw

Q imposition vector of heat!~ux boundary conditions
q heat ~ux at the block boundary
Re Reynolds number "u�w:n#
S di}usion matrix of the momentum equation
St Strouhal number "d"sin v#fs:u�#
T� temperature
T� uniform inlet temperature
t dimensionless time "t�:"w:u�##
Dt dimensionless time increment
t� time
u velocity vector
U velocity vector of nodal points
U	\ U
 intermediate velocity matrix
u� uniform inlet velocity
u\ v dimensionless velocity components "u � u�:u�\
v � v�:v�#
u�\ v� velocity components
w width of the block
x\ y dimensionless x�\ y� coordinates "x � x�:w\
y � y�:w#
x�\ y� physical coordinates[

Greek symbols
l thermal di}usivity
v inclined angle of a plate
U temperature vector of nodal points
u dimensionless temperature ""T�−T��#:"qw:k##
n kinematic viscosity of ~uid
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Superscripts
n¦0\ n\ n−0 n¦0th\ nth\ n−0th time step[

0[ Introduction

Electronic devices have become more compact and
hence densely packaged in response to the demands for
cost savings and higher performance[ The trends thus
reintroduced the thermal problem ð0\ 1Ł[ Improvements
in cooling methods are required in order to avoid unac!
ceptable temperature rises[ The air cooling of an array
of rectangular sources is of particular interest[ Mixed
convection has recently received considerable attention
because the heat ~uxes are increased within electronic
components[

Mixed convection in horizontal channels is of interest
in cooling of local heat sources encountered in electronic
devices[ Kennedy and Zebib ð2Ł reported mixed con!
vection between horizontal parallel plates with a local
heat source ~ash!mounted on the horizontal plate[ They
showed the heat transfer characteristics and ~ow pattern
resulting from four cases of heat source locations[ Kang
et al[ ð3Ł investigated experimentally mixed convective
transport from an isolated source located on a horizontal
adiabatic plate[ The dependence of the heat transfer rate
on the mixed convection parameter and on the thickness
of the heated element were investigated[ However\ the
e}ect of thermal wake interaction could not be clari_ed
because single heat source con_gurations were
considered[ Bratten and Patankar ð4Ł studied numerically
the laminar mixed convection in shrouded arrays of
heated rectangular blocks mounted on the horizontal
shrouds\ spaced periodically in the spanwise direction[
Kim et al[ ð5Ł presented numerical results on the mixed
convection from multiple!layered boards with cross!
streamwise periodic boundary conditions in a horizon!
tally!oriented channel and a vertically!oriented channel[

Several papers ð6Ð03Ł have dealt with the use of vortex
generators to enhance heat transfer in the forced con!
vection regime[ Sparrow et al[\ ð6Ł experimentally inves!
tigated the e}ect of implemented barriers in arrays of
rectangular modules and reported signi_cant improve!
ment in the heat transfer coe.cient of the module in the
second row downstream of the barrier[ Myrum et al[ ð7Ð
09Ł have conducted a series of experiments on dealing
vortex generators "circular rods# induced enhancement
of heat transfer from ribbed ducts in which di}erent
generator con_gurations were studied by changing rod
diameter\ rod!rib spacing and rod!rod spacing[ Ratts et
al[ ð00Ł presented an experimental study on internal ~ow
modi_cation induced by vortex shedding from cylinders
in air cross ~ow and its e}ect on cooling of an array of
chips[ Chou and Lee ð01Ł conducted an experimental
work on the possibility of reducing ~ow non!uniformities

in LSI packages by vortex generating from a rectangular
plate on the top of a down!stream chip[ Karniadakis et
al[ ð02Ł used the isoparametric spectral element method
to investigate the heat transfer enhancement by placing
eddy promoter cylinders in a grooved!channel ~ow[
Nigen and Amon ð03Ł demonstrated the e}ectiveness of
self!sustained oscillatory ~ows in enhancing convective
cooling of surface!mounted packages through a com!
parison of maximum junction temperatures[

Although many studies have been conducted on
enhancement techniques for forced convection\ there are
few reports on natural convection[ One of enhancement
techniques is to modify ~ow pattern through vortex shed!
ding employing little on mixed convection enhancement[
The enhancement technique to be investigated here is
the employment of an oblique plate to generate vortex
shedding in a horizontal block!heated channel[ Exam!
ining the e.cacy of the enhancement technique for mixed
convection is a motivation to us from practical con!
sideration[ The present research is a numerical study of
mixed convection enhancement[ The purpose of this
paper is to quantify the in~uence of oblique angle of the
plate on heat transfer enhancement by changing Rey!
nolds number and Grashof number[ This paper describes
a semi!implicit _nite element study that investigated ~ow
modi_cation by means of vortex shedding generated by
an oblique plate and its e}ect on heat transfer enhance!
ment of mixed convection occurring in heated blocks[
Semi!implicit _nite element method with the projection
technique proposed by Ramaswany et al[ ð04\ 05Ł is a
powerful numerical method for unsteady incompressible
thermal ~ows[ They showed that this method generally
requires much less computer storage and computation
time than the conventional _nite element methods[ The
results of this study may be of interest to engineers
attempting to develop thermal control of electronic
devices and to researchers interested in the ~ow!modi!
_cation aspects of heat transfer enhancement of mixed
convection in a horizontal channel[

1[ Numerical modelling

The physical problem considered in this study is the
two!dimensional mixed convective ~ow of an incom!
pressible ~uid passing over heated blocks mounted on
one side of the horizontal channel as shown in Fig[ 0[
The geometrical relations for this study are set forth]
H:w � 1[4\ L:w � 14\ d:w � 9[34\ and h:w � 9[4[ In the
present treatment\ all the physical properties of the ~uid
are taken to be constant[ Utilizing the Boussineq approxi!
mation ð06Ł\ we can express the governing equations in
properly dimensionless form as follows

9 = u � 9[ "0#
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Fig[ 0[ The geometrics considered here] "a# without an oblique plate\ "b# with an oblique plate above the _rst block[
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1u
1t

¦"u = 9#u � −9P¦
0
Re

91u¦
Gru

Re1
ng "1#

1u

1t
¦"u = 9#u �

0
RePr

91u "2#

where u is the velocity\ P is the pressure\ and ng represents
unit vector along the gravity direction[

The initial conditions are

for t � 9\ in the region\ u � v � u � 9[ "3#

We use the following boundary conditions for com!
putations[ Cases with and without the oblique plate have
the same external boundary conditions^ uniform in~ow
with u � 0\ v � 9^ no!slip boundary conditions u � 9 and
v � 9 on the upper and lower channel surfaces^ and a
standard out~ow boundary condition 1u:1x � 9 and
1v:1x � 9 across the out~ow plane[ The temperature _eld
satis_es u � 9 at the in~ow boundary\ 1u:1n � −0 along
the block "heat!producing# surface\ and 1u:1n � 9 along
the other surfaces[ The oblique plate represents a no!slip
surface u � 9 and v � 9 with zero temperature gradient
1u:1n � 9[

The conventional Galerkin _nite element spatial dis!
cretization of eqn "0# to eqn "8# or eqn "09# leads to the
following systems of couple ordinary equations ð04\ 05Ł

M
dU
dt

¦HP¦
0
Re

S"U#¦K"U#U �
Gr

Re1
MUd i1 "4#

M
dU
dt

¦
0

RePr
AU¦K"U#U �

0
RePr

Q "5#

and

DU � 9 "6#

where M\ K\ H and D � HT are the mass\ convection\
pressure gradient\ and divergence matrices\ respectively[
S is the di}usion matrix of the momentum equation\ and
A is the di}usion matrix of the energy eqn[ Vectors U\
U\ and P represent _nite element solutions for velocity\
temperature\ and pressure\ respectively[ The right hand
side vector Q results from the imposition of heat!~ux
boundary conditions[

The following fully discretized Galerkin eqns may be
derived by adopting a second!order AdamsÐBashforth
for the advection term and implicit Euler representation
for the di}usion term\ but predominantly considering the
concepts of the projection approach ð04Ł[

1[0[ Advection phase

The phase allows us to determine an intermediate vel!
ocity _eld U
n¦0 from Un starting with U9 for n � 9\
utilizing the explicit AdamsÐBashforth method for the
nonlinear convective terms[

MU
n¦0 � MUn−Dt$
2
1
K"Un#Un−

0
1
KUn−0Un−0%

¦
DtGr

Re1
M = Undi1 "7#

1[1[ Viscosity phase

A _rst!order implicit Euler time integration scheme is
applied here and a new intermediate velocity U	n¦0 is
determined from U
n by

MU	n¦0 � MU
n¦0−Dt
0
Re

S"U	n¦0# "8#

1[2[ Pressure phase and incompressibility

In the phase\ the _nal velocity _eld Un¦0 is determined
from the intermediate velocity U	n¦0 by adding the
dynamic e}ect of the pressure Pn¦0\ which is determined
so as to satisfy the incompressibility condition[ This result
is the following equation]

APn¦0 � −
0
Dt

DU	n¦0 "09#

The _nal velocity is consequently computed]

MDUn¦0 � MDU	n¦0−DtHPn¦0 "00#

where MD is the diagonalized mass matrix obtained sim!
ply by summing across each row of the consistent mass
matrix and placing the results in the diagonal[

1[3[ Temperature phase

In the last phase\ the temperature solutions can be
obtained from the energy equation by applying the same
procedure as the velocity phase[

MUn¦0 � MUn−Dt$2
1
KUnUn−0

1
KUn−0Un−0%

−
Dt

RePr
AUn¦0¦

Dt
RePr

Qn "01#

We impose the {traction free| condition instead of P � 9
at one point in the out~ow plane[ The equation of the
out~ow boundary condition for pressure can be adopted
as used by Ramaswamy and Jue ð05Ł[ As usual\ a physical
quantity of great interest is the local Nusselt number Nu
along the surfaces of the solid walls[ The de_nition of Nu
has been given as

Nu � −
0
uw

1u

1n

where n denotes normal to the solid surface[
The primary purpose of this development is to remove

the direct treatment of a large scale matrix created by
coupled nonlinear equations and to solve the coupled
NavierÐStokes equations and energy equation in a
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sequential procedure[ The intention is to save the memory
storage and make an e.cient computation[ Quadrilateral
elements with four nodes are used here over triangular
elements to obtain good accuracy with a limited number
of nodes[ The elemental matrices are computed only once
and used again at each time step[ The skyline method
was adopted for the storage of global matrices to reduce
storage requirements[ A direct solver of LU factorization
based on Gaussian elimination technique was developed
to deal with a symmetric banded system[

2[ Results and discussion

A detailed numerical study has been carried out on
mixed convection heat transfer enhancement by placing
an oblique plate in a horizontal block!heated channel[ In
the study\ the Grashof number is taken as 9\ 7999 and
2 199 999 and the Reynolds numbers as 159\ 399 and 429
when Prandtl number is kept constant at 9[6[ All the
calculations have been performed by using a HP
89999:629 computer[ After a series of test runs\ a _nite!
element mesh "2389 nodes and 2121 elements# was chosen
for all cases[ Further re_nement changed the time!mean
Nusselt number less than 9[94) for the test runs[ The
other two meshes tested are 1803 nodes "1579 elements#
and 3299 nodes "3909 elements#[ The thickness of the
oblique plate is so small to be treated as the width of one
element but without mesh in the plate\ so we can directly
substitute no!slip conditions and zero temperature gradi!
ent into the nodes on the edges of the plate[ The time
increment Dt was set at 9[9997 in the calculations of
unsteady ~ow and heat transfer over heated blocks with
and without an oblique plate[ The calculation for the case
without an oblique plate utilized 09 999 time steps to
reach steady ~ow and the computation time was about 6
h 36 min 47 s of CPU time[ The calculation for the case
with an oblique plate required 19 999 time steps to obtain
the periodic vortex shedding and the computation times
were about 19 h 5 min 48 s to 19 h 27 min 5 s of CPU
time[

To show that the program can handle boundary step
changes and natural convection ~ows\ we apply the pre!
sent method to solve the steady ~ow of laminar mixed
convection in a vertical channel containing a block on one
channel wall[ The wall containing the block is assumed to
be hot "constant temperature# while the other wall is
assumed to be adiabatic[ The steady!state solution is
obtained by the time integration procedure as mentioned
in the preceding section[ As a convergence criterion\ we
consider the di}erence in the calculated velocity _elds[
The calculations were terminated when the solution for
nodal velocity components varied less than 9[90) in the
Euclidean norm between two consecutive time steps[ A
comparison of the present predictions agreeing fairly
closely with Habchi and Acharya|s predictions ð06Ł as

shown in Fig[ 1 gives one con_dence in the use of the
present program[

In this study\ time!mean Nusselt number is thereafter
used for comparing the heat transfer characteristics
between the case with an oblique plate and the case with!
out an oblique plate[ Time!mean Nusselt number for
heated blocks with an oblique plate is calculated in time
interval containing several ~ow cycles of vortex shedding\
while time!mean Nusselt number for the case without an
oblique plate is calculated in time interval approaching a
steady ~ow[ The time!mean Nusselt number along the
block is presented in Fig[ 2 for Gr:Re1 values at Re � 399
in the channel ~ow over heated blocks[ The local Nusselt
number shows the same characteristic behavior that it
increases with an increase in the Gr:Re1 value[ The
maximum local Nusselt number for a given block occurs
at the front corner^ the minimum value occurs at the
groove between two blocks[ The in~uence of mixed con!
vection is prominent along the vertical surfaces of the
blocks[ Moreover\ from Gr � 9 to 2 199 999\ change in
time!mean Nusselt number for all the blocks is about
00[7) which can be calculated by using the values listed
in Table 0[ Similar observations have been seen in an
earlier study ð5Ł[ These results can be explained from Fig[
3[ In Fig[ 3 the curvature of the streamline becomes very
large locally at the corner "x � 1[4\ y � 9[4#^ this has a
high ~ow velocity\ so the convective heat transfer is large[
Figure 3 also shows that the recirculating zone behind
the last block is larger when the Gr:Re1 value becomes
large[ This behavior is expected since\ for Gr:Re1 � 19\
the strong buoyant up~ow along the vertical surfaces
of the blocks "in y!direction# facilitates the size of the
separated eddy[ This result can provide con_rmation to
the ~ow processes[

The heat transfer enhancement of an oblique plate
installed above the _rst block is shown in Fig[ 4 for three
Gr:Re1 values at Re � 399[ The distribution of time!mean
Nusselt number along the block increases in comparison
to the case without oblique plate as shown in Fig[ 2[ The
buoyancy e}ect still appears along the vertical surfaces
of the blocks[ Figure 5 exhibits the ~ow _elds for the
corresponding instantaneous stream patterns each time
at the peak of one vortex!shedding cycle[ When Gr:Re1

is less than O"0# "Fig[ 5"a# "b##\ wave ~ows induced by
vortex shedding behind the oblique plate pass stronger
and faster over the _rst to the third block\ then weaker
and slower over the subsequent two blocks[ The wave
~ows change the recirculating zone behind the last block
from one into two[ At Gr:Re1 � 19 "Fig[ 5"c##\ the strong
buoyant up~ow along the vertical surfaces of the blocks
interacts with the wave ~ows and strengthens these ~ows
across the blocks[ On the other hand\ the strong buoyant
up~ow enlarges the size of both recirculation zones[ On
the whole\ the wave ~ows can improve heat transfer along
the block[ Figure 6 shows the time!mean Nusselt number
along the block surface without and with a plate of
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Fig[ 1[ Comparison between the present predictions and the Habchi and Acharya|s predictions for Re � 107 and Gr:Re1 � 2[

di}erent oblique angles for Gr � 2 199 999\ and Re � 399
"Gr:Re1 � 19#[ The use of the oblique plate with various
angles can increase the distribution of time!mean Nusselt
number along the block surface[ For various oblique
angles\ the instantaneous streamlines at the cor!
responding ~ow condition are shown in Fig[ 7 each time
at the peak point of one vortex!shedding cycle[ Installing
the oblique plate locally accelerates ~ow past the pass!
ageway between the plate and the _rst block but generates
di}erent patterns of wave motion induced by vortex shed!
ding[ The oscillations generated by the oblique plate can
additionally assist heat transfer along the block surface[
When Gr:Re1 is larger than O"0#\ the improvement in heat

transfer is mainly as a result of the oscillations forcing the
mainstream ~ow to mix with the buoyant up~ow along
the vertical surfaces of the blocks[

Vortex shedding generated by the oblique plate can
additionally enhance heat transfer along the block
surface[ Coupled vortex shedding:mixed convection pro!
cess is detailed and demonstrated in Figs 8 and 09\ where
we plot a sequence of instantaneous streamlines during
the ~ow cycle for Gr:Re1 � 9[4 and Gr:Re1 � 19 at
Re � 399[ The ~ow in Fig[ 8 is asymmetrically induced
by placing the oblique plate between the upper channel!
wall and the blocks[ At t � 01[873\ the upper vortex
generates around the upper tip of the plate and the lower
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Fig[ 2[ Time!mean Nusselt number variation along the block surface for Gr:Re1 values at Re � 399[

vortex leaves the trailing edge of the plate[ The stream!
lines at t � 03[273 are similar to those at t � 01[873^ this
presents a cycle of the periodic vortex shedding[ The
oscillatory nature of the wake behind the oblique plate
can be clearly seen in the streamlines[ The same charac!
teristics of the periodic vortex shedding are also shown
in Fig[ 09 for the case of Gr:Re1 � 19 and Re � 399[ Once
the upward wave passes over the grooves between the
blocks\ the groove vortex is eject into the main ~ow

stream as shown in Fig[ 00"a# "Gr:Re1 � 9[4#[ It is notable
in Fig[ 00"b# that\ when the e}ects of natural convection
are substantial\ "Gr:Re1 � 19# there appears a secondary
vortex in the groove between the blocks[ The secondary
vortex rotates in the direction opposite to that of the
original vortex between the blocks[ The ~uid rises upward
in the vicinity of the vertical surface of the block under
substantial buoyancy e}ects and its movement in
addition to the upward wave passing over the groove as
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Table 0
For three Gr:Re1 values at Re � 399\ values of average time!mean Nusselt number along the block without and with an oblique plate
"note] values in parentheses designating the percentage change relative to no oblique plate#

no oblique
v

plate 29> 59> 89>

for Gr:Re1 � 9
at Re � 399

_rst block 5[0131 6[5621 "14[2)# 7[0842 "22[7)# 7[1511 "23[8)#
second block 3[6069 5[0461 "29[4)# 5[8475 "36[4)# 4[7393 "12[7)#
third block 3[3405 3[7210 "7[4)# 4[2081 "08[4)# 3[1751 "−2[6)#
fourth block 3[2922 3[2721 "0[8)# 3[3855 "3[4)# 3[0222 "−3[9)#
_fth block 3[3113 3[3976 "−9[2)# 3[3935 "−9[3)# 3[1087 "−3[5)#
over all block 3[7926 4[3898 "02[1)# 4[7638 "10[9)# 4[2373 "8[2)#

for Gr:Re1 � 9[4
at Re � 399

_rst block 5[0356 7[0416 "21[5)# 7[4235 "27[7)# 7[2014 "24[2)#
second block 3[6062 5[4126 "27[2)# 6[0362 "40[4)# 5[2162 "23[0)#
third block 3[3411 4[3187 "11[9)# 4[5998 "14[7)# 3[3960 "−0[9)#
fourth block 3[2937 4[9334 "06[1)# 3[5869 "8[0)# 3[0811 "−1[5)#
_fth block 3[3842 4[1944 "04[7)# 3[2432 "−2[0)# 3[3518 "−9[6)#
over all block 3[7122 5[9601 "14[1)# 5[9557 "13[3)# 4[4393 "02[9)#

for Gr:Re1 � 19
at Re � 399

_rst block 6[1899 7[8308 "11[6)# 8[4510 "20[1)# 8[3135 "18[2)#
second block 4[9643 6[0727 "30[4)# 6[8791 "46[1)# 5[6539 "22[2)#
third block 3[5328 4[7591 "15[1)# 5[1286 "23[3)# 4[7242 "14[6)#
fourth block 3[3055 4[1294 "07[3)# 5[3046 "34[2)# 4[5061 "16[1)#
_fth block 4[3138 5[3720 "08[4)# 6[9206 "18[5)# 5[3356 "07[7)#
over all block 4[2690 5[6288 "14[6)# 6[3348 "28[4)# 5[7065 "15[8)#

mentioned above may make the groove vortex ejected
more into the main stream[ This generates a counter!
rotating vortex near the forward face of the rearward!
located block to change the shape of the original groove
vortex and shift the location to the forward!located
block[ Figure 01 shows the variation of the pressure
coe.cient for the oblique plate[ The Strouhal number is
de_ned by

St �
d"sin v# fs

u�

St � 9[1659 is for Re � 399 and Gr � 79 999\ and
St � 9[1687 is for Re � 399 and Gr � 2 199 999[ Other
numerical and experimental studies have been not been
found to compare with the numerical work presented
here[ However\ Lugt and Haussling ð07Ł obtained
St � 9[0669 for a uniformly incoming ~ow past an
oblique plate of angle 34> for Re � 199[

We may investigate the in~uence of oblique angle of
the plate on heat transfer enhancement by means of the
values of average time!mean Nusselt number for the
blocks as follows[ The average time!mean Nusselt num!

ber is calculated by the values of time!mean Nusselt num!
ber on all nodes of the block boundary[ The value of
average time!mean Nusselt number for the blocks are
listed in Table 0 for various oblique angles of the plate
as well as for no oblique plate when Gr:Re1 value changes
at Re � 399[ The value of average time!mean Nusselt
number for all the blocks increases with increasing
Grashof number for the oblique plate as well as for no
oblique plate[ The maximum value of average time!mean
Nusselt number appears at the _rst block\ and the value
decreases progressively for the subsequent three blocks[
The value of average time!mean Nusselt number for all
the blocks increases with installing the oblique plate in
comparison to no oblique plate[ The maximum value of
average time!mean Nusselt number for the whole block
occurs at v � 59> with Gr:Re1 � 19[ As also shown in
parentheses in Table 0\ the maximum increase in time!
mean overall average Nusselt number is 28[4) when the
oblique angle is 59> with Gr:Re1 � 19[ For Gr:Re1 less
than O"0#\ the increase in the overall average Nusselt
number at v � 29> is larger than the increase at v � 89>^
this result is primarily contributed by an increase in the
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Fig[ 3[ Stream patterns for Re � 399] "a# Gr:Re1 � 9\ "b# Gr:Re1 � 9[4\ "c# Gr:Re1 � 19[

average time!mean Nusselt number along the second to
the fourth block "Table 0#\ because the oscillations e}ec!
tively improve the heat transfer[ In the contrast\ for
Gr:Re1 � 19\ the increase at v � 89> is slightly larger
than the increase at v � 29>[ This result is primarily
contributed by an increase in the average time!mean Nus!
selt number\ only along the _rst and the fourth block

"Table 0#\ because the buoyant up~ow along the vertical
surfaces of the block e}ectively strengthens the oscil!
lations "Fig[ 7"c##[ The value of average time!mean Nus!
selt number for the block are summarized in Table 1 for
various oblique angles of the plate and no oblique plate
as Reynolds number changes at Gr � 2 199 999[ The
value of average time!mean Nusselt number for the block
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Fig[ 4[ E}ect of Gr:Re1 values on time!mean Nusselt pro_les installing an oblique plate "v � 59># at Re � 399[

increases with increasing Reynolds number for the
oblique plate as well as for no oblique plate[ The value of
average time!mean Nusselt number for the whole block
increases with installing the oblique plate in comparison
to no oblique plate[ The maximum value of average time!
mean Nusselt number for the whole block appears at
v � 59> for Re � 429[ On the contrary\ as shown in par!
entheses in Table 1\ the maximum increase in time!mean

overall average Nusselt number is 46[0) at v � 89> with
Re � 159 "Gr:Re1 � 36# because of the small time!mean
overall average value for no oblique plate[

3[ Conclusion

Numerical investigation has been systematically per!
formed on the unsteady ~ow and mixed convective heat
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Fig[ 5[ Stream patterns installing an oblique plate "v � 59># for Re � 399] "a# Gr:Re1 � 9\ "b# Gr:Re1 � 9[4\ "c# Gr:Re1 � 19[

transfer in a horizontal block!heated channel with and
without installing an oblique plate above an upstream
block[ On the basis of these results presented and dis!
cussed in the discussion section\ we draw the main con!
clusions below[

"0# Installing an oblique plate can e}ectively improve
the heat transfer characteristics through the modi!
_cation of the ~ow pattern[

"1# Coupling the buoyancy e}ects and vortex shedding
has profound in~uences in determining the unsteady
_elds and heat transfer characteristics[

"2# The buoyancy e}ects still exists along the vertical
surfaces of the blocks with an oblique plate "v � 59>#
for three Gr:Re1 values[

"3# When Gr:Re1 is less than O"0#\ wave ~ows induced
by vortex shedding behind the oblique plate pass
stronger and faster across the _rst to the third block\
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Fig[ 6[ In~uence of oblique angles on time!mean Nusselt number pro_les compared to no plate at Gr � 2 199 999 and Re � 399[

then weaker and slower over the subsequent two
blocks[ The wave ~ows change the recirculating zone
behind the last block from one into two[

"4# At Gr:Re1 � 19\ the strong buoyant up~ow along the
vertical surfaces of the blocks interacts with the wave

~ows and strengthens these ~ows across the blocks[
"5# For three Gr:Re1 values at a _xed value of Rey!
nolds number\ the maximum increase in time!mean
overall average Nusselt number is 28[4) when the
oblique angle is 59> with Gr:Re1 � 19[
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Fig[ 7[ Stream patterns for various oblique angles at Gr � 2 199 999 and Re � 399] "a# v � 29>\ "b# v � 59>\ "c# v � 89>[
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Fig[ 8[ Sequence of streamlines with an oblique plate "v � 59># during one cycle at "a# t � 01[873\ "b# t � 02[221\ "c# t � 02[57\ "d#
t � 03[921\ "e# t � 03[273 for Gr:Re1 � 9[4 and Re � 399[
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Fig[ 09[ Sequence of streamlines with an oblique plate "v � 59># during one cycle at "a# t � 01[817\ "b# t � 02[161\ "c# t � 02[505\ "d#
t � 02[853\ "e# t � 03[201 for Gr:Re1 � 19 and Re � 399[
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Fig[ 00[ Velocity vector enlarged in the _rst groove and its vicinity for Re � 399] "a# at t � 01[873 for Gr:Re1 � 9[4 and Re � 399\ "b#
at t � 01[817 for Gr:Re1 � 19 and Re � 399[
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Fig[ 01[ Pressure coe.cient Cp vs time for "a# Gr:Re1 � 9[4 and "b# Gr:Re1 � 19 at Re � 399[
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Table 1
For three Reynolds number at Gr � 2 199 999 values of average time!mean Nusselt number along the block without and with an
oblique plate "note] values in parentheses designating the percentage change relative to no oblique plate#

no oblique
v

plate 29> 59> 89>

For Re � 159
at Gr � 2 199 999

_rst block 6[0788 7[1361 "03[6)# 7[7059 "11[5)# 7[6330 "10[5)#
second block 3[2534 5[3966 "35[7)# 5[8916 "47[1)# 6[9837 "51[5)#
third block 2[7886 5[0310 "46[4)# 5[4020 "56[9)# 5[7649 "65[2)#
fourth block 2[6580 5[2398 "57[1)# 5[2777 "58[4)# 6[9764 "77[9)#
_fth block 4[1855 6[6209 "35[9)# 6[3855 "30[4)# 6[1404 "25[8)#
over all block 3[8928 5[8627 "35[5)# 6[1123 "40[7)# 6[3095 "46[0)#

for Re � 399
at Gr � 2 199 999

_rst block 6[1899 7[3308 "11[6)# 4[8519 "20[1)# 8[3135 "18[2)#
second block 4[9643 6[0727 "30[4)# 6[8791 "46[1)# 5[6539 "22[2)#
third block 3[5328 4[7591 "15[1)# 5[1286 "23[3)# 4[7242 "14[6)#
fourth block 3[3055 4[1294 "07[3)# 5[3046 "34[2)# 4[5061 "16[1)#
_fth block 4[3138 5[3720 "08[4)# 6[9206 "18[5)# 5[3356 "07[7)#
over all block 4[2690 5[6288 "14[6)# 6[3348 "28[4)# 5[7065 "15[8)#

for Re � 429
at Gr � 2 199 999

_rst block 6[4017 8[5233 "17[1)# 09[1068 "25[9)# 8[8724 "21[8)#
second block 5[0015 7[0850 "23[0)# 7[7614 "34[0)# 6[7632 "17[7)#
third block 5[9102 6[0871 "08[4)# 6[1339 "19[2)# 6[2496 "11[0)#
fourth block 4[7830 5[4497 "8[3)# 7[0515 "25[2)# 5[6564 "02[9)#
_fth block 5[7830 6[0430 "2[7)# 7[0153 "06[8)# 6[0399 "2[5)#
over all block 5[4946 6[8356 "08[9)# 7[4136 "20[0)# 6[7121 "19[0)#
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