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Abstract

Experimental studies of secondary air ~ow structure and enhancement of heat transfer in horizontal parallel!plate
and convergent channels have been carried out[ The bottom wall is horizontal and heated uniformly\ while the opposite
wall is insulated and inclined with respect to the horizontal plate so as to create a convergence angel of 2> for the
convergent channel[ The aspect ratio "width to height# and the ratio of channel length to height at the entrance of the
channel is 5[56 and 04\ respectively[ The Reynolds number ranges from 099 to 1999\ the buoyancy parameter\ Gr:Re1\
from 1[4 to 896 and Pr of the air ~ow is 9[6[ Flow structure inside the channel is visualized by injecting smoke at the
inlet ~owing along the bottom wall[ The complete processes for the formation of the plumes associated with vortices
and their transformation into longitudinal convection rolls due to the lateral extension and combination of the vortices
are observed[ The number of convection rolls formed is much less than those found in the experiments with water[ For
the convergent channel\ the favorable pressure gradient causes a thinner bottom heated layer which results in much later
initiation of secondary ~ow and fewer the number of plume produced[ The interactions between neighboring vortices
and plumes are suppressed by the acceleration of mainstream\ and results in a stable ~ow and less pronounced
enhancement of heat transfer[ Temperature ~uctuations at di}erent locations are measured to indicate the ~ow structure
and oscillation of the secondary ~ow[ The e}ects of the buoyancy parameter and the convergence of the channel on the
secondary ~ow structure and the Nusselt number are presented and discussed[ Þ 0888 Elsevier Science Ltd[ All rights
reserved[

Nomenclature

b channel height at entrance
` gravitational acceleration
Gr Grashof number\ `bq"1b#3:kn1

h convective heat transfer coe.cient
h¹ average heat transfer coe.cient

� Corresponding author[
0 Professor\ Institute of Aeronautics and Astronautics[
1 Graduate Student\ Institute of Aeronautics and Astro!

nautics[
2 Graduate Student\ Institute of Aeronautics and Astro!

nautics[
3 Adjunct Professor\ College of Engineering\ Southern Illinois

University\ Carbondale\ IL\ U[S[A[ Permanent address]
National Science Foundation\ Arlington\ VA\ U[S[A[

k thermal conductivity of air
Nu local Nusselt number\ h"1b#:k
Nu average Nusselt number\ h¹ "1b#:k
Pr Prandtl number\ n:a
q heat ~ux
Re Reynolds number de_ned at the inlet of the
channel\ u9"1b#:n
T temperature
u9 inlet velocity
x\ y coordinate parallel\ and normal to the heated wall[

Greek symbols
b coe.cient of expansion
n kinematic viscosity[

Subscripts
b bulk mean
9 inlet[
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0[ Introduction

Mixed convection in channels has received great inter!
est in the last three decades for its practical application
in solar energy collectors\ heat exchangers\ geothermal
energy systems\ chemical deposition of solid layer in the
semiconductor industry\ and cooling of nuclear reactors
and modern electronic equipment[ For horizontal chan!
nels heated from below\ the buoyancy force can induce
secondary ~ow which shortens the thermal developing
length and enhance the heat transfer[ The secondary ~ow
is observed to be in the form of longitudinal vortex rolls
which\ as a result of the shear force imposed by the
mainstream\ begin to bifurcate and curl back to the
heated surface such that a mushroom con_guration is
seen when viewed in the spanwise direction[ It is found
that the ~ow structure and heat transfer depends on the
Rayleigh number\ the Reynolds number\ the Prandtl
number and the aspect ratio "width to height ratio# of
the channel[ For the parallel!plate channel experiments
with water\ a complete ~ow process for the formation of
plumes and the resulting mushroom!shaped vortices and
their e}ect on the heat transfer have been well studied ð0\
1Ł[ For the experiments with air\ the formation of plumes
in the upstream region ð2\ 3Ł and the longitudinal con!
vection rolls in the fully developed region ð4Ł have also
been studied[ The complete transformation process from
a plume ~ow into the longitudinal convection rolls has
not been studied[ Due to the di}erence in the Pr number\
the complete transformation process for the experiments
with water may not be used to infer the experiments
with air[ For the convergent channel\ the convergence of
channel can accelerate the mainstream which results in
suppressing the turbulence and reducing the buoyancy
e}ect[ It may completely change the transformation pro!
cess and greatly alter the secondary ~ow structure and
the heat transfer[ In order to understand these processes
and e}ects\ a systematic study on the mixed convection
~ow and heat transfer of air in both the parallel!plate
and the convergent channel is performed[

The earlier work on the mixed convection\ especially
the secondary ~ow structure and its e}ect on the heat
transfer\ in the parallel!plate channel was made by Mori
and Uchida ð4Ł who apply the linear stability theory to
analyze the fully developed buoyancy induced secondary
~ow in an asymmetric isothermal channel[ Both the _rst
and second type vortex rolls are predicted[ Longitudinal
convection rolls are observed in the experiments with air
which are used to check the validity of the analysis[ In
the developing region\ Hwang and Liu ð2Ł observe the
mushroom!shaped plume associated with vortices and
found that the wave length of the plume decreases and
approaches the prediction based on the linear stability
analysis as the aspect ratio increases[ For the experiments
with water\ the complete transformation process of the
secondary ~ow from the mushroom!shaped plume to the

vortices\ the breakdown of vortices and the transition to
the turbulent ~ow is visualized ð5\ 6Ł[ For GrE0[4×096\
the number of plume produced is A:1\ but with increasing
Gr to 7[9×097\ the number increases to approximately
3A[ This behavior is consistent with the results for the
experiments with water ð0\ 7Ł[ However\ in the exper!
iments with air ð3\ 8Ł\ the periodic spanwise tempera!
ture distributions with wavelength of the channel height
have been measured and obtained when Ra−7999\ which
suggests the appearance of the second type vortex rolls
as predicted by Mori and Uchida[ The critical Rayleigh
numbers for the onset of secondary ~ow were also studied
in the fully developed region ð09Ð01Ł and both the thermal
entry and the combined entry region ð1\ 3\ 02\ 03Ł[ Cor!
relations for the onset of thermal instability are obtained
for both the experiments with water and air[ It is found
that as the critical Rayleigh number increases\ the onset
of instability moves upstream and the corresponding
wave numbers increase[ Theoretical analyses ð04Ð06Ł were
also performed to predict the onset of the thermal insta!
bility[ The predictions are close to the experimental data[
For the heat transfer\ signi_cant enhancement in the heat
transfer due to the secondary ~ow is found[ However\
longitudinal periodicity in the Nusselt number upstream
of the fully developed region are found only in the exper!
iments with water ð5\ 6Ł\ but are not reported in the
experiments with air ð1\ 03Ł[ From the review of literature\
it appears the results obtained for the critical Rayleigh
number for the initiation of the plume\ the number of
plume produced and the heat transfer characteristic
between the experiments with water and the ones with
air are di}erent[

Numerical studies are also performed to study the
occurrence and the structure of the secondary ~ow and
the enhancement of heat transfer in both the developing
and fully developed regions ð07Ð12Ł[ The trends obtained
in general are consistent with the experimental obser!
vations[ However\ most of the numerical calculations
assume steady laminar ~ow[ This may not be true for the
initiation and growth of the plumes and vortices[ Further
improvement in the numerical calculation is still needed[

An extensive review of the published reports on mixed
convection in a horizontal channel has turned up no study
on the e}ect of buoyancy in the horizontal convergent
channel[ The prior studies on the ~ow and heat transfer in
a convergent or a divergent channel are mostly concerned
with pure forced convection[ By assuming that the family
of straight lines passing through the source or sink con!
stitute the streamlines of the ~ow\ the governing equa!
tions of the system can be greatly simpli_ed[ This type of
~ow is called Je}eryÐHamel ~ow[ The thermal ~ow of
Je}eryÐHamel ~ow with constant wall temperature or a
variation in wall heat ~ux according to qw½0:r\ where r
denotes the axial distance from the source or the sink of
the ~ow\ has been studied ð13\ 15Ł[ For developing ~ow\
it has been found that the Nusselt number increases with
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the convergence angle ð16\ 17Ł[ Su and Lin ð18\ 29Ł obtain
the numerical results for both convergent and divergent
ducts and conclude that both the pressure drop and the
Nusselt number increase with the convergent or the diver!
gent angle[ Experiments were also performed in a con!
vergent channel ð20\ 21Ł and the results indicate that the
acceleration of ~ow due to convergence of channel can
suppress the turbulence and promote re!transition to a
laminar ~ow[ To consider the buoyancy e}ect\ Gau et al[
ð22Ł\ appears to be the _rst experimental work to study
mixed convection in a divergent channel[ It appears that
mixed convection ~ow and heat transfer data in a channel
with one wall inclined at a small angle are still very
lacking[ These kinds of geometric con_gurations have
practical applications in electronic coolings ð23\ 24Ł[

The present paper describes an experimental study of
mixed convection in a heated horizontal parallel!plate or
convergent channel[ A uniform air ~ow is provided at
the entrance\ and exits to the ambient after passing
through the channel[ The bottom wall is maintained in
the horizontal position and is heated uniformly[ For the
convergent channel\ the opposite\ top wall has a con!
vergence angle of 2> to the horizontal plane[ That is\ the
downstream end of the top wall is tilted toward the bot!
tom wall\ and is well insulated[ The objective of this
investigation is to study the mixed convection ~ow\
especially the secondary ~ow structure and the heat trans!
fer\ in a heated horizontal parallel!plate or convergent
channel[ Results of both the ~ow visualization by intro!
ducing smoke at the inlet and the heat transfer measure!
ments along the heated wall are presented[ The e}ects of
the buoyancy parameter and the Reynolds number on
the ~ow structure and the Nusselt number are reported[

1[ Experimental apparatus and procedures

Experiments are performed in a Plexiglass channel[
The channel is 34 cm in length\ 19 cm in width inside and
2 cm in height at the entrance[ The heated wall is kept
horizontal and the opposite wall is tilted with a con!
vergence angle of 2>[ The heated wall is made of 1 cm
thick balsa wood and electrically heated[ This is achieved
by gluing a number of 9[904 cm thick stainless steel foil
strips on the entire bottom wall and passing an electric
current through the foil heater[ DC power is used to
provide the electric energy for generating the desired heat
~ux[ The heat ~ux can be determined by the electric
voltage and current passing through the foil[ The electric
voltage drop due to the contact resistance between the
heating strips and the terminals\ which connect the heat!
ing strips with the DC power supply\ has been taken into
account[ This kind of voltage drop is also noticed in other
experiment ð25Ł[ For better insulation\ a 01 cm thick foam
rubber is glued on the back of the heated wall[ All the
other side walls are wrapped with 2 cm thick foam rubber[

Since the temperature variation of the heated wall may
be large in the transverse direction\ the heated wall is
instrumented with seven rows of chromel!alumel ther!
mocouples[ One row of the thermocouples is along the
centerline of the wall[ The distance between two neigh!
boring rows is 1[4 cm\ and the spacing between two neigh!
boring thermocouples in each row is 0 cm[ Since the sur!
face temperature of the insulated wall is needed for
estimating the radiation loss from the heated wall\ _ve
additional thermocouples are embedded along the sur!
face of the wall[ All thermocouples are calibrated in a
constant temperature bath and the measurement error is
found to be within 29[0>C[ All the temperature signals
are acquired with a FLUKE!1176A data logger con!
nected to a computer for direct processing[ The tem!
perature data are taken when the entire system reaches
steady state\ usually in 2Ð3 h[

During the ~ow visualization experiments\ a smoke
generator is used to supply smoke of _ne particles[ The
smoke particles are measured to be in a scale of 1 mm and
are small enough to trace the ~ow in the channel[ Smoke
enters the channel from a slot of 0 mm width located on
the bottom surface in the immediate upstream of the
channel entrance[ A transverse sheet of light per!
pendicular to the top insulated wall is used to visualize
the spanwise structure of secondary ~ow^ while the sheet
of light from the end parallel to the ~ow passage is used
to visualize the ~ow structure from the top view[ The ~ow
patterns at the upstream\ the central and the downstream
regions can be observed and recorded[ The smoke par!
ticles injected were found to have no obvious e}ect on
the heat transfer after rerunning the heat transfer
measurements[ During the experiments\ the ~ow struc!
ture in the channel is sensitive to the circulation of ambi!
ent ~ow[ Therefore\ a wind shield is constructed around
the exit of the channel to prevent this possible extraneous
e}ect[

The wind tunnel is the same as the one used in the
studies of mixed convection in a heated vertical con!
vergent or divergent channel ð22Ð24Ł^ hence\ a detailed
description is omitted here[ The calibration needed for
velocity measurement is also described in these reports[
The total heat input in a single heating strip can be
determined by the electric voltage and current passing
through the strip[ Since both conduction and radiation
losses from each heating strip need to be accounted for
and subtracted from the total energy supplied by the
heater\ the local heat transfer coe.cient is evaluated by
the following equation]

hr�"qt−qrad−qcond#:"T¹ w−Tr# "0#

where T¹ w is the average temperature of a single strip\ and
r refers to the bulk mean condition or the inlet condition[
The conduction loss from the heated wall is estimated by
a one!dimensional conduction equation in a composite
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wall[ The procedure to calculate the radiation loss from
the heated wall is very similar to the one described in
ð25Ł and will not be repeated here[ The thermophysical
properties used in the local Nusselt number are evaluated
at the bulk mean temperature of the ~ow\ while those in
the Reynolds and Grashof numbers are evaluated at the
inlet temperature[

Since the channel ~ow exits directly to the ambient\
the heat loss is relatively large near the exit[ Therefore\
the last three heating strips are used only as guard heaters[
Relatively large heat loss in the exit region is also found
in other experiments ð25\ 26Ł[ The uncertainty of the
experimental data is determined according to the pro!
cedure proposed by Kline and McClintock ð27Ł[ The
maximum uncertainty of local Nusselt number is 4[5)\
while that for the Reynolds and Grashof number are 5[1
and 6[7)\ respectively[

2[ Results and discussions

2[0[ Flow visualizations

2[0[0[ Parallel!plate horizontal channel
The smoke exits from a spanwise\ narrow slot on the

bottom wall of the channel at the inlet\ and enters
smoothly into the channel forming a thin sheet of smoke
along the bottom wall[ As the thin!sheet smoke is heated\
it becomes unstable and protrudes upward like a plume[
The protrusion of plume make the bottom heated layer
thinner and cause a higher rate of heat transfer[ Figure
0a shows the top view close to the mid!height while Fig[
0bÐe shows the end view of the secondary ~ow at di}erent
streamwise locations[ The convergence of the smoke
streaks in Fig[ 0a suggests the formation of the rising
plumes from the bottom wall where the mushroom!
shaped plume has not yet developed[ The divergence of
smoke streaks in the downstream suggests the formation
of mushroom head as shown in Fig[ 0c and d\ which
extends spanwisely and forms a pair of circulation vorti!
ces[ The earliest formation of plume occurs in the corners
near the side walls where the ~ow velocity is relatively
low and the bottom heated layer is relatively thick which
readily causes protrusion of plume\ while the latest for!
mation of plume occurs near the center region where the
~ow velocity is much higher and the bottom heated layer
is relatively thin\ as shown in Fig[ 0c where the plume in
the central region have just occurred and they appears as
small buds[ Similar phenomenon was also observed in
the experiments for water ð6Ł[ Excluding the plumes by
the side walls\ the number of plumes produced is four
for Gr:Re1�19 "Gr�4×095# and Re�499[ As the ~ow
moves downstream\ the bottom heated layer becomes
thicker and the temperature becomes higher due to the
heat input along the bottom wall[ This leads to the growth
of plumes\ i[e[\ the rise of plume height and lateral exten!

sion of the mushroom head[ This causes the lateral exten!
sion of circulation vortices and results in the interaction
between the neighboring vortices\ as shown in Fig[ 0d
and e\ especially the two vortices on the corners which
are the earliest to interact with the neighboring vortices
and form a complex ~ow structure[

The lateral extension of the circulation vortices was
not found in the experiments with water ð0\ 6Ł[ Instead\
the circulation vortices parallel to each other and form
longitudinal vortices[ The mechanism for the lateral
extension of the circulation vortices in the experiments
with air may be attributed to the lower Pr and higher a

values that the thermal di}usion and convection from
circulation vortex to the surroundings is more rapid than
in the water[ A comparison of the plumes and vortices
formed in the experiments with water ð6Ł\ one can _nd
that the number of the plumes produced in the current
experiments is much less and the size of the plumes is
much greater[ This di}erence is attributed again to the
di}erence in the Pr number of the ~uid[ For large Pr\ the
bottom heated layer "thermal boundary layer# becomes
thinner and resulting the protrusion of the thermals thin!
ner and smaller[ Therefore\ to compare the number of
plumes produced between the experiments with water
and the ones with air\ the Pr number should be taken
into account[ Therefore\ instead of using Gr\ the dimen!
sionless parameter Gr×Pr�Ra is suggested to use[ It is
found that at the same Rayleigh number the number of
plumes produced in the current experiments is approxi!
mately equal to the ones in the experiments with water[

As the buoyancy parameter increases\ the bottom
heated layer becomes thicker[ The initiation of plumes
and formation of mushroom head occur at a much earlier
stage and the number of plumes initiated increases[ These
_ndings agree with the one reported in ð6Ł[ For
Gr:Re1�59\ Re�499\ by excluding the two plumes in the
corners\ there are a total of _ve plumes and the spacing
between each plume is close to the height of the channel
ð24Ł[ In the downstream\ the growth of plume and lateral
extension of the mushroom head leads to a strong inter!
action of vortices[ Not only that the interaction can occur
at an earlier stage but also the interaction is highly
unstable and form a very complicated ~ow structure\ as
shown in Fig[ 1 d and e[ Some of the plumes may shrink
and disappear[ Some of the vortices may oscillate in the
spanwise direction[ However\ no breakdown of vortices
and transition to the turbulent ~ow is found as described
in the experiments with water[ This is also true within the
range covered by the current experiments[ Some of the
vortices may combine with others which leads to the
development of longitudinal convection rolls\ as shown
in Fig[ 1 g[

For the case of the Re�094 and Gr:Re1�349
"Gr�3[85×095#\ the mainstream velocity is relatively low
and the buoyancy parameter is large[ However\ excluding
the plumes produced by the side walls\ the number of
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Fig[ 0[ Flow structure in a horizontal parallel!plate channel with Gr:Re1�19 and Re�499^ "a# top view^ "b# end view at x�04 cm^ "c#
x�14 cm^ "d# x�25 cm^ "e# x�32 cm[

plumes produced is four "Fig[ 2b# which is equal to the
case of Re�499 and Gr:Re1�19 "Gr�4×095#[ It appears
that the number of plumes produced is not proportional
to the buoyancy parameter\ but proportional to the Gra!
shof or the Rayleigh number[ This trend agrees with
those reported in ð0\ 7Ł[ The well established longitudinal
convection rolls can be formed near the exit of channel\
as shown in Fig[ 2[ Although the top view of ~ow struc!
ture in the downstream location\ as shown in Fig[ 2a\
does not indicate a regular ~ow structure of laminar
convection\ the end view clearly indicates that the ~ow is
not turbulent[ Similar conclusion concerning the exist!
ence of laminar ~ow structure can also be made from the
temperature ~uctuation measurements[ Since the com!
bination process between the two neighboring vortices
was not found in the experiments with water\ the number
of the longitudinal convection rolls found in the experi!
ments with water should be twice the number of the
convection rolls formed in the experiments with air[ Dur!
ing the formation of the convection roll\ the corner vortex
can also combine with its neighboring vortex and form
longitudinal convection roll[ By counting the two plumes

produced by the side walls as one\ the number of plumes
initiated in the upstream region for Re�094 and
Gr:Re1�349 is _ve[ Therefore\ the number of convection
rolls formed is expected to be _ve[ However\ the con!
vection rolls formed in the downstream is four\ as shown
in Fig[ 2c[ This di}erence is due to the fact that during the
combination process some of the plumes may completely
disappear\ the number of convection roll is less than what
one can expect[

For Re�0999 and Gr:Re1�09 "Gr�096#\ in com!
parison with the case of Re�499 and Gr:Re1�09 ð24Ł
the Reynolds number is double\ and the Grashof number
increases quadruply[ Therefore\ the initiation of plume
occurs at a much earlier stage\ and the number of plumes
initiated\ as expected\ are greater than the case of
Re�499 and Gr:Re1�09 "Gr�1[4×095#[ For the former
case\ the number of plumes produced is _ve^ while in the
latter case "Fig[ 3#\ the number of plumes produced is
four ð24Ł[ Therefore\ one can conclude that the number
of plumes produced is neither a}ected by the buoyancy
parameter\ nor a}ected by the Reynolds number[
However\ the type of ~ow structure "mushroom!shaped
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Fig[ 1[ Flow structure in a horizontal parallel!plate channel with Gr:Re1�59 and Re�499^ "a# top view^ "b# end view at x�7 cm^ "c#
x�04 cm^ "d# x�19 cm^ "e# x�14 cm^ "f# x�25 cm^ "g# x�32 cm[

plume or convection roll# is indeed signi_cantly a}ected
by these two parameters[ Therefore\ the parameters selec!
ted for presentation of the ~ow structure varies di}erently
in di}erent reports[ It depends on what one would like
to see[ Since the streamwise velocity is relatively high as
compared with the lateral extension of vortices\ inter!
action between vortices is not found[ However\ at this
high Re and Gr\ the plume and vortex formed is not
stable[ This is attributed to the relatively high speed of
mainstream ~owing over a relatively thick heated layer
in the bottom wall[ It is found that at higher value of Re

with the same value of Gr:Re1\ the plume and the vortex
produced become more unstable[ New plume may be
initiated as shown in Fig[ 3d and e\ which sucks away the
bottom heated layer and cause the neighboring plumes
to shrink[ Some of the plume may expand or shrink\ as
shown in Fig[ 3e and f\ or they may oscillate in spanwise
direction and interact occasionally with the neighboring
plume\ as shown in Fig[ 3g[ Although the vortex ~ow
is highly unstable\ no transition to the turbulent ~ow
as those occurred in the experiments with water ð6Ł is
found[
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Fig[ 2[ Flow structure in a horizontal parallel!plate channel with Gr:Re1�349 and Re�094^ "a# top view^ "b# end view at x�04 cm^ "c#
x�32 cm[

2[0[1[ Conver`ent channel
The convergence of channel accelerates the ~ow[ At

the same time the favorable pressure gradient tends to
stabilize the ~ow[ For Gr:Re1�09 and Re�499\ the sheet
of heated smoke moves steadily downstream[ No
initiation of plume and vortex is found\ as shown the end
view in Fig[ 4a\ as those plumes formed in the parallel!
plate channel[ This is attributed to the acceleration of
~ow which makes the heated bottom layer thinner and
protrusion of the heated layer impossible[ Without
initiation of plume\ the buoyancy force is not expected
to play an important role to a}ect and enhance the heat
transfer[ Fig[ 4aÐd are the end view at the exit of the
channel[ The height of the channel at the exit is 9[53 cm[
For Gr:Re1�19 and Re�499\ plumes are produced close
to the exit\ as shown in Fig[ 4b[ Excluding the two plumes
produced in the corners\ there are a total of four plumes[
The space between the neighboring plumes is greater than
the channel height[ Two plumes produced in the central
region appear as a small bud where the two plumes closer
to the side walls appear as mushroom shape[ It appears
that the initiation of the plumes has been delayed at a
later stage due to the stabilization e}ect of the accel!
eration[ For Gr:Re1�39 and Re�499\ initiation of
plumes occurs close to the middle of the channel\ which
is approximately at x�11 cm\ as shown in Fig[ 4e\ where
the thermal streak has converged to an extreme point and
started to diverge thereafter[ It appears that mushroom!
shaped vortex extend slowly in the lateral direction until
close to the neighboring vortex[ However\ the lateral

extension of vortex stops as it approaches the neighboring
one and does not interact with the neighboring vortex[ It
appears that acceleration of ~ow can stabilize the ~ow
and suppress the unstable interaction between vortices[
For Gr:Re1�59 and Re�499\ interaction between vor!
tices is still not found as shown in Fig[ 4d and f\ due
to the stabilization e}ect of the accelerating ~ow[ By
excluding the two plumes produced in the corners\ there
are still a total of four plumes[ The number of plume
produced in this case is less than the case for the parallel!
plate channel and the divergent channel[ This is appar!
ently attributed to the acceleration of ~ow which can
make the heated bottom layer thinner and protrusion of
the heated layer become di.cult[ The ~ow observed is
highly stable for the experimental ranges covered[

2[1[ Temperature ~uctuations

2[1[0[ Parallel!plate channel
A very thin thermocouple probe having wire diameter

of 9[0 mm is placed 4 mm above the heated wall to mea!
sure the temperature ~uctuations along the centerline
at di}erent streamwise locations[ For Gr:Re1�19 and
Re�499\ no ~uctuations of temperature is found\ as
shown in Fig[ 5a when the bottom heated layer is still
very thin and stable\ and plumes in the central region is
not initiated[ Small temperature ~uctuations is initiated\
as shown in Fig[ 5b for x�14 cm\ when the bottom
heated layer becomes very thick and unstable\ initiation
of small bud and formation of mushroom!shaped plume



C[ Gau et al[ : Int[ J[ Heat Mass Transfer 31 "0888# 1518Ð15361525

Fig[ 3[ Flow structure in a horizontal parallel!plate channel with Gr:Re1�09 and Re�0999^ "a# top view^ "b# end view at x�04 cm^
"c# x�14 cm^ "d#Ð"g# x�25 cm[

associated with vortices occur[ The amplitude and fre!
quency of temperature ~uctuation increases as ~ow
moves downstream\ as shown in Fig[ 5c and d[ This is
attributed to the oscillation and interaction of plumes
and vortices as shown in Fig[ 0d and e[ However\ the
relatively small amplitude of temperature ~uctuation
suggests that the interaction between vortices is not so
intense to cause a highly unstable ~ow and even transition
to turbulent ~ow[ Another contribution to the intense
~uctuations of temperature in the downstream region is
due to that the oscillation of ~ow generated upstream
can propagate downstream[ It appears that the oscillation

of ~ow generated downstream will not propagate
upstream[

As the thermocouple moves downstream\ the mean
temperature rises gradually as shown in Fig[ 5 for
Gr:Re1�19 and Re�499\ due to the heat input along the
bottom wall which makes the bottom heated layer thicker
and its temperature higher[ However\ a gradual decrease
in the mean temperature occurs after x�14 cm as shown
in Fig[ 5b\ c and d[ Flow visualization indicates that both
plume and vortex activities are very intense in this region[
Therefore\ the decrease in mean temperature is attributed
to the intense activity of plume and vortex which suck
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Fig[ 4[ Flow structure in a horizontal convergent channel with Re�499 and "a# Gr:Re1�09^ "b# Gr:Re1�19^ "c# Gr:Re1�39^
"d# Gr:Re1�59 for end view^ "e# Gr:Re1�39^ " f# Gr:Re1�59 for top view[

away some of the ~uid in the bottom heated layer and
makes this layer thinner[ The continuous and gradual
decrease in the mean temperature toward downstream
suggests that the plume and vortex activities is getting
intense as ~ow moves downstream[ Due to the thin bot!
tom layer\ the heat transfer in this region is expected to
be enhanced[

For Gr:Re1�59 and Re�499 where buoyancy par!
ameter is relatively large\ initiation of mushroom!shaped

plume associated with vortices can occur at a much earlier
stage\ which is close to x�04 cm as shown in Fig[ 1c\ and
cause ~uctuation of temperature\ as shown in Fig[ 6b[ At
this high buoyancy parameter\ the number of plumes
initiated increases[ There is one plume occurring close to
the centerline which causes ~uctuations of signi_cantly
large amplitude\ as shown in Fig[ 6c and d[ However\
when the plume moves away from the center line\ the
amplitude of ~uctuation reduces signi_cantly[ This
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Fig[ 5[ Temperature ~uctuations in a horizontal parallel!plate channel with Gr:Re1�19 and Re�499 at "a# x�04 cm^ "b# x�14 cm^
"c# x�20 cm^ "d# x�25 cm^ "e# x�33 cm[

suggests the spanwise oscillation of the plume\ which
agrees with the results of the previous ~ow visualization[
Even the complex ~ow structure due to interaction
between vortices does not cause a signi_cant variation of
temperature[ The small amplitude of temperature ~uc!
tuations suggests that the complex ~ow is not turbulent[
It can be expected that the complex ~ow structure
occurred will not signi_cantly enhance the heat transfer[
Since the rising plume can reduce the thickness of the
bottom heated layer\ this action is the major mechanism
to cause enhancement of heat transfer[ The relatively
large amplitude of temperature ~uctuation near the exit\
as shown in Fig[ 6f\ is attributed again to the fact that
the thermocouple probe is actually located in the region

where plume passes through\ and is not occurrence of
turbulence[ Excluding the time period when plume passes
through the probe and causes signi_cant increase in tem!
perature\ a decrease in mean temperature also occur from
x�04 cm to x�14 cm\ as shown in Fig[ 6b and c[ This
suggests that a signi_cant enhancement in heat transfer
by the secondary ~ow from x�04 cm to x�14 cm can be
expected[ For x×14 cm\ however\ the mean temperature
increase gradually\ no signi_cant enhancement in heat
transfer is expected[ The heat transfer measurements in
the next section has con_rmed this result[

For Gr:Re1�239 and Re�094\ the mainstream vel!
ocity is relatively low while the buoyancy force is large[
The temperature ~uctuation starts to occur at an earlier
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Fig[ 6[ Temperature ~uctuations in a horizontal parallel!plate channel with Gr:Re1�59 and Re�499 at "a# x�4 cm^ "b# x�04 cm^ "c#
x�14 cm^ "d# x�20 cm^ "e# x�25 cm^ " f# x�33 cm[

stage\ as shown in Fig[ 7c\ where interaction and com!
bination of vortices have already occurred[ However\ the
amplitude of temperature ~uctuation is still very small[
This suggests again that the process of interaction and
combination between vortices does not cause signi_cant
oscillation of ~ow[ The complex ~ow occurred is still very
steady and laminar[ When the longitudinal convection
rolls are well established in the downstream close to the
exit\ the temperature ~uctuation there\ as shown in Fig[
7c\ is still not intense[ The small ~uctuation of tem!
perature suggests that the longitudinal convection roll

is still laminar[ The decrease in mean temperature for
x�4 cm to x�04 cm suggests that the relatively intense
activities of plume and vortex has suck away some of the
~uid in the heated layer and make the layer thinner[
Therefore\ a signi_cant enhancement in heat transfer by
the secondary ~ow can be expected in this region[

For Gr:Re1�09 and Re�0999\ the mainstream vel!
ocity is relatively high while the buoyancy force is still
not very low and the bottom heated layer is relatively
thick[ A very regular periodic oscillation of temperature
is found from the region near the entrance to the exit[
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Fig[ 6 "continued#

Even when the protrusion of plume has not occurred\
small oscillation of temperature can also be found\ as
shown in Fig[ 8a and b[ All the frequencies of the ~uc!
tuations at streamwise locations along the center line
are the same\ which is seven cycle per minute[ One can
conclude again that the oscillation of ~ow is attributed
to the relatively high speed ~ow moving over a thick and

unstable heated layer[ However\ the oscillation of ~ow
measured may be in the spanwise or streamwise direction[
The amplitude of ~uctuation increases signi_cantly in the
downstream region\ as shown in Fig[ 8c\ when protrusion
of plume occurs[ Oscillation of plume found in the ~ow
visualization experiments is caused by the same mech!
anism described above\ which causes ~uctuations of tem!
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Fig[ 7[ Temperature ~uctuations in a horizontal parallel!plate channel with Gr:Re1�349 and Re�094 at "a# x�4 cm^ "b# x�04 cm^
"c# x�14 cm^ "d# x�20 cm^ "e# x�25 cm^ " f# x�33 cm[

perature[ Near the exit\ the mushroom!shaped vortex
extends laterally far enough to cause interaction with
neighboring vortices[ This causes additional oscillations
of temperature\ as shown in Fig[ 8f[ The gradually
increase in the mean temperature toward downstream
over most of the channel "except near the exit# suggests
that no signi_cant enhancement in heat transfer by the
secondary ~ow is expected[

2[1[1[ Conver`ent channel
For convergent channel\ the ~ow is very stable due to

stabilization e}ect of ~ow acceleration[ No oscillation of
temperature was found even for the extreme case when
buoyancy parameter is relatively large\ as shown in Fig[

09 with Gr:Re1�59 and Re�499[ The plume and associ!
ated vortex activity is still observed[ However\ the stabil!
ization e}ect of ~ow acceleration makes them very stable
and no occurrence of any interaction or combinations
with the neighboring vortex[ This leads to a stable growth
of bottom heated layer and a gradual increase in mean
temperature\ as shown in Fig[ 09aÐe\ except in the exit
where large heat loss occurs[ Therefore\ signi_cant
enhancement of heat transfer by the secondary ~ow is
not expected to occur[

The most unstable situation\ i[e[\ Gr:Re1�09 and
Re�0999\ the large amplitude of temperature ~uc!
tuations is greatly reduced by the stabilization e}ect of
~ow acceleration\ as shown in Fig[ 00[ However\ one can
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Fig[ 8[ Temperature ~uctuations in a horizontal parallel!plate channel with Gr:Re1�09 and Re�0999 at "a# x�4 cm^ "b# x�04 cm^
"c# x�14 cm^ "d# x�20 cm^ "e# x�25 cm^ " f# x�33 cm[
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Fig[ 09[ Temperature ~uctuations in a horizontal convergent channel with Gr:Re1�59 and Re�499 at "a# x�4 cm to " f# x�33 cm[

still _nd the growth of amplitude in the upstream region[
It appears that in the downstream region the stabilization
e}ect becomes more signi_cant which causes the gradual
reduction in amplitude[ The frequency of temperature
~uctuations is approximately eight cycles per min\ which
is slightly higher than the case of parallel!plate channel[
The slight increase in frequency of temperature ~uc!
tuations due to the e}ect of ~ow acceleration is not very
clear at present stage[

2[2[ Mixed convection heat transfer

The current combined entry region Nusselt number
results for the parallel!plate channel are compared with
the prediction for the pure forced convection and the
thermal entry region data of Maughan and Incropera
ð03Ł\ as shown in Fig[ 01[ As expected\ the current Nusselt
number results and the prediction for the combined entry
condition are signi_cantly higher than the data of
Maughan and Incropera ð03Ł and the prediction for the
thermal entry condition[ For the combined entry
condition\ the Nusselt number results deviates gradually

from the prediction as ~ow moves downstream and the
deviation becomes signi_cant in the downstream due to
the occurrence of the rising plume which reduces the
thickness of the bottom heated layer and results in the
enhancement of heat transfer[ It appears that the Nusselt
number for the combined entry condition deviates earlier
from the pure forced convection results than that for the
thermal entry condition\ and is more sensitive to the
change of the Grashof number[ Slight increase in the
Grashof number can cause a signi_cant increase in the
Nusselt number[ The earlier and greater enhancement of
the heat transfer for the combined entry condition is
attributed to its greater convective heat transfer
coe.cient that makes the bottom heated layer to grow
thicker and become more readily to protrude to the core
as a rising plume[ That means that the occurrence of the
secondary ~ow for the combined entry condition is earlier
than for the thermal entry condition[ However\ this result
could not be con_rmed from the comparison of present
~ow visualization data with others ð2\ 3Ł since the present
boundary conditions imposed are di}erent from others[

The earlier deviation of the Nusselt number from the



C[ Gau et al[ : Int[ J[ Heat Mass Transfer 31 "0888# 1518Ð15361533

Fig[ 00[ Temperature ~uctuations in a horizontal convergent channel with Gr:Re1�09 and Re�0999 at "a# x�4 cm^ "b# x�04 cm^ "c#
x�14 cm^ "d# x�20 cm^ "e# x�25 cm^ " f# x�33 cm[

pure forced convection and greater enhancement in the
heat transfer also occur when the Reynolds number is
lower\ as shown in Fig[ 01b[ The slight oscillation of the
Nusselt number along the axial direction of the channel
can be found as those reported in the data of Maughan
and Incropera ð04Ł for air ~ow[ However\ the oscillation
amplitude of the Nusselt number found in the water ~ow
ð6Ł is signi_cantly large[ Incropera et al[ ð6Ł attributed the
_rst oscillation as the occurrence of the secondary ~ow
and the second oscillation as a transition from laminar
to the turbulent ~ow[ However\ the previous ~ow vis!
ualization and the temperature ~uctuation measurements
do not indicate occurrence of turbulence[ It is highly
probable that one was turbulent and the other not[ From
further comparison\ one can conclude that the _rst rise
of the Nusselt number is due to the protrusion of the
plume which gradually suck away the bottom heated
layer and make a direct contact of the upper cold ~uid
with the hot wall[ The later decrease of the Nusselt num!
ber is attributed to the formation and the later thickening
of a new bottom heated layer[ However\ the second rise

of the Nusselt number is not so signi_cant and the current
data are not su.cient to make a clear conclusion[

In order to eliminate the Reynolds number e}ect in the
presentation\ the Nusselt number is de_ned based on
the air temperature at the inlet of the channel and is
normalized by Re9[3[ For pure forced convection\ the
normalized Nusselt number Nu:Re9[3 is found to be inde!
pendent of the Reynolds number ð23\ 24Ł[ For mixed
convection in the horizontal channel\ the Reynolds num!
ber e}ect on the normalized Nusselt number was found
negligible ð24Ł[ Therefore\ the normalized Nusselt num!
ber results at di}erent buoyancy parameter Gr:Re1 are
chosen to present the heat transfer data\ as shown in
Fig[ 02[ The increase of buoyancy parameter Gr:Re1 is
achieved by decreasing the Reynolds number[ The nor!
malized Nusselt number increases with increasing the
buoyancy parameter[ The _rst oscillation of the Nusselt
number still exist due to the protrusion and rise up of the
bottom heated layer\ and the downwash of the upper cold
~ow[ However\ the second oscillation of the normalized
Nusselt number does not appear[ One can clearly _nd
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Fig[ 01[ Comparisons of Nusselt numbers with published results^
"a# Re�0999\ and "b# Re�499[

Fig[ 02[ Nu:Re9[3 distributions at di}erent Gr:Re1 in a horizontal
parallel!plate channel[

that the occurrence of the Nusselt number oscillation
moves upstream as the buoyancy parameter increases[
This is apparently attributed to the fact that the occur!
rence for the protrusion of the bottom heated layer moves
upstream as the buoyancy parameter increases or the
Reynolds number decreases\ as those found and discussed
in the previous section of ~ow visualization[ It appears
that in the downstream region the enhancement of heat
transfer by the buoyancy parameter is not so large as
those shown in Fig[ 01[ This is due to the use of T9 as a
reference temperature to de_ne both h and Nu[ However\
the use of Tb as reference temperature can make a larger
increase of Nub\ as shown in Fig[ 01[

For convergent channel\ the mainstream accelerates

Fig[ 03[ Comparison of the Nusselt number distributions at
di}erent Gr:Re1 between the case of a horizontal parallel!plate
channel and the case of a convergent channel[

that rapid ~ow velocity occurs in the downstream which
can make the heat transfer there higher than the case of
the parallel!plate channel[ The high speed ~ow of main!
stream in the downstream can make the transport process
there dominated by the pure forced convection[ In the
upstream region where acceleration of ~ow is not so
signi_cant\ the buoyancy force still does not play a sig!
ni_cant role to enhance the heat transfer[ This leads to the
results that the normalized Nusselt number at di}erent
buoyancy parameters approach a single line\ as shown in
Fig[ 03\ when the buoyancy parameter is small and less
than 19[ When the buoyancy parameter becomes greater
"−39#\ one can clearly _nd the enhancement of the heat
transfer due to the buoyancy force[ However\ the later
initiation of the secondary ~ow as indicated previously
in both the ~ow visualization and the temperature ~uc!
tuation measurements causes the later enhancement of
the heat transfer[ In addition\ the enhancement of the
heat transfer in the convergent channel is not so sig!
ni_cant as in the case of the parallel plate channel[ This
is apparently due to the stabilizing e}ect of the accel!
erated ~ow in the convergent channel[

3[ Conclusions

Secondary ~ow structure and enhancement of heat
transfer in a bottom heated horizontal parallel!plate or
convergent channel has been investigated experimentally[
Secondary ~ow appearing as mushroom!shaped plume
associated with vortices is found[ The number of plumes
produced is much less and the size of the plume is much
greater than those formed in the experiments with water[
Instead of the Grashof number\ the number of plumes
produced is proportional to the Rayleigh number[ Due
to the lateral extension and combination of the vortices\
two!dimensional longitudinal convection rolls can be
formed in the downstream region[ The combination
between the neighboring vortices causes the number of
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the convection rolls produced in the experiments with air
much less than the number of vortex rolls formed in the
experiments with water[ For the convergent channel\ the
acceleration of the mainstream can make the bottom
heated layer thinner which delays the initiation of the
secondary ~ow\ and stabilize the ~ow and suppress the
interactions between neighboring plumes[ The plumes
occurred are very steady and laminar in the entire chan!
nel\ resulting in a smaller and later enhancement of heat
transfer than the case of the parallel!plate channel[

Temperature ~uctuation measurements at di}erent
locations are used to infer the detailed ~ow structure and
the initiation and oscillation of the bottom heated layer
and the secondary ~ow[ The ~ow structure inferred con!
_rms with the ~ow visualization results[ The convergence
of the channel can suppress the temperature ~uctuations
due to the stabilization e}ect of the favorable pressure
gradient[

The Nusselt numbers divided by Re9[3 are found to be
a suitable way to present the data[ The Nusselt number
increases with increasing Gr:Re1[ In addition\ the
locations for both the onset of heat transfer enhancement
and the maximum Nusselt number move upstream as
Gr:Re1 increases[ The heat transfer enhancement in the
convergent channel occurs in a later stage and is less
pronounced than in the parallel!plate channel due to the
stabilization e}ect of the accelerated ~ow[
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