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Abstract

Experiments for the onset and development of the buoyancy driven secondary air flow and enhancement of heat
transfer in a horizontal convergent and a divergent channel have been carried out. The bottom wall of the channel
is horizontal and heated uniformly, while the top wall is insulated and inclined with respect to the horizontal plane
S0 as to create a convergence angle of 3° for the convergent channel, or a divergence angle of 3° for the divergent chan-
nel. The aspect ratio (width to height) and the ratio of channel length to height at the entrance of the channel is 6.67 and
15, respectively. The Reynolds number ranges from 200 to 2000, the buoyancy parameter, Gr/Re?, from 2.5 to 907 and
Pr of the air flow is 0.7. Flow structure inside the channel is visualized by injecting smoke at the inlet flowing along the
bottom wall. The onset of secondary flow appearing as transverse instability wave and onset of initial protrusion of the
bottom heated layer are identified. Secondary flow structures observed are somewhat different from the case in the par-
allel-plate channel. This is attributed to the destabilization effect of the deceleration in the divergent channel which
results in a much earlier initiation of secondary flow and more pronounced enhancement in the heat transfer, and
the stabilization effect of the acceleration in the convergent channel which results in a much later initiation of the sec-
ondary flow and less pronounced enhancement in the heat transfer. However, the deceleration flow in the divergent
channel and the acceleration in the convergent make the average Nusselt numbers approach the results of the paral-
lel-plate channel. Correlation results for the onset of the secondary flow and enhancement of the heat transfer will
be presented and discussed.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Mixed convection in channels has received great
interest in the last three decades for its practical applica-
tions in the solar energy collectors, heat exchangers, geo-
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thermal energy systems, chemical vapor deposition
(CVD) of solid layer in the semiconductor industry,
and the cooling of the modern electronic equipments.
For horizontal channels heated from below, the buoy-
ancy force can induce secondary flow that appears as
mushroom-shaped plumes and vortices, and lead to sig-
nificant enhancement in the heat transfer. The onset
point of the secondary flow is important because it delin-
eates the region before which flow is two-dimensional
and pure forced convection heat transfer can be
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Nomenclature

b channel height at entrance

g gravitational acceleration

Gr Grashof number, gfq(2b)*/kv?

h convective heat transfer coefficient

h average heat transfer coefficient

k thermal conductivity of air

Nu local Nusselt number, A(2b)/k

Nu average Nusselt number, 2(2b)/k

Pr Prandtl number, v/o

q heat flux

Ra Rayleigh number, GrPr

Re Reynolds number defined at the inlet of the
channel, u,(2b)/v

T temperature

u, inlet velocity

X,y coordinate parallel, and normal to the
heated wall

X* non-dimensional axial distance, x/(bRePr)

Greek symbols

p coeflicient of expansion
v kinematic viscosity
Subscripts

ave refers to average value
b refers to bulk mean

o refers to inlet

assumed. After this region, buoyancy induced secondary
flow sets in and the complicated mixed convection flow
and its enhancement on the heat transfer has to be con-
sidered. It has been found [1,2] that onset of the second-
ary flow and the enhancement of the heat transfer
depends strongly on the Rayleigh number, the Reynolds
number, the Prandtl number of the channel flow.

However, in practical applications, the channel may
not be in an ideal situation, such as a parallel-plate chan-
nel, but a slightly convergent or a divergent channel. For
example, in CVD process, the heated susceptor holding
the wafers is inclined a small angle with respect to the
mainstream to form somewhat like a convergent chan-
nel. This is to make a accelerated flow that can lead to
a slower rate of boundary layer growth and a relatively
more uniform transport process or deposition rate of the
solid layer on the wafers. However, this kind of flow
configuration has overlooked the onset of buoyancy dri-
ven secondary flow that can significantly complicate the
transport process. Studies on this kind of transport
process in a convergent channel heated from below have
been very few [3-5]. The region for the onset of second-
ary flow and its development with enhancement on the
transport process is still not very clear. Since the entire
region of the transport process is not clear, there is a
question to ask if a slight divergence of the susceptor
would be better. In a horizontal parallel-plate channel,
however, the onset point was found to approach the
leading edge of the heater when the Rayleigh number in-
creases or the Reynolds number decreases. The dimen-
sionless onset point, X*, has been correlated in terms
of a critical Grashof number [6] or Rayleigh number
[2]. If the deposition process can be performed before
the onset point of the secondary flow, the complicated
three-dimensional transport process can be avoided
and a relatively uniform deposition of solid film can be
obtained.

There are other situations, such as in electronic
equipment cooling, one is not clear if a slight divergence
or convergence of the channel would make the heat
transfer better. Assessment for both the local and the
average heat transfer over the entire channel becomes
necessary. This need to a complete understanding of
the secondary flow process formation and its effect on
the heat transfer.

The earlier work on the mixed convection, especially
the secondary flow structure and its effect on the heat
transfer, was performed primarily in the parallel-plate
channel. Mori and Uchida [7] applied the linear stability
theory to analyze the fully developed buoyancy induced
secondary flow in an asymmetric isothermal channel.
Both the first and second type vortex rolls are predicted.
Longitudinal convection rolls are observed in the exper-
iments with air which are used to check the validity of the
analysis. In the developing region, Hwang and Liu [1] lo-
cated the onset of thermal instability by observing the
longitudinal position at which secondary motion was ini-
tiated. The longitudinal station at which the stability was
observed was found to be approximately one order of
magnitude larger than the prediction based on the linear
stability analysis. For the experiments with water,the
complete transformation process of the secondary flow
from the mushroom shaped plume to the vortices, the
breakdown of vortices and the transition to the turbulent
flow is visualized [8,9]. The critical Rayleigh numbers for
the onset of secondary flow were also studied in the fully
developed region [10-12] and the thermal entry region
[1,2,6,13]. Correlations for the onset of thermal instabil-
ity are obtained for both the experiments with water and
air. It is found that as the critical Rayleigh number in-
creases or the Reynolds number decreases, the onset of
instability moves upstream. Theoretical analysis [14-16]
were also performed to predict the onset of the thermal
instability. The predictions are close to the experimental
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data. For the heat transfer, significant enhancement in
the heat transfer due to the secondary flow was found.
However, longitudinal periodicity in the Nusselt number
upstream of the fully developed region were found only
in the experiments with water [8,9], but were not reported
in the experiments with air [2,6]. From the review of lit-
erature, it appears that the results obtained for the criti-
cal Rayleigh number for the initiation of the plume, the
number of plume produced and the heat transfer charac-
teristic between the experiments with water and the ones
with air are different.

Numerical studies were also performed to study the
occurrence and the structure of the secondary flow and
the enhancement of heat transfer in both the developing
and fully developed regions [17-23]. The trends obtained
in general are consistent with the experimental observa-
tions. However, most of the numerical calculations as-
sume steady laminar flow. This may not be true for the
initiation and growth of the plumes and vortices. Further
improvement in the numerical calculation is still needed.

The present paper describes an experimental study for
the onset of the buoyancy induced secondary flow and its
enhancement in the heat transfer in a horizontal divergent
or convergent channel heated from below. A uniform air
flow 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 uni-
formly. For the divergent (convergent) channel, the
opposite, top wall has a divergence (convergence) angle
of 3° to the horizontal plane. That is, the downstream
end of the top wall is tilted away from (toward) the bot-
tom wall, and is well-insulated. The objective of this
investigation is to study and identify the onset and devel-
opment of the secondary flow and the region for the heat
transfer enhancement in a horizontal divergent or a con-
vergent channel. Results of both the flow visualization
from the side or the end of the channel by introducing
smoke at the inlet, and the heat transfer measurements
along the heated wall are presented. It has been found
[24-26] that the decelerated flow in the divergent channel
has the effect of destabilization on the mainstream while
the accelerated flow in the convergent channel has the ef-
fect of stabilization. It is interesting to see how the buoy-
ancy induced secondary flow, and the heat transfer will be
affected by the decelerated or the accelerated flow in these
channels. The effects of the buoyancy parameters and the
Reynolds numbers on the flow structures and the Nusselt
numbers are reported. Correlations for the onset point of
the secondary flow and the heat transfer enhancement
will be presented and discussed.

2. Experimental apparatus and procedures

Experiments are performed in a Plexiglas channel, as
shown in Fig. 1. The channel is 45 cm in length, 20 cm

in width inside and 3 cm in height at the entrance. The
heated wall is kept horizontal and the opposite wall is
titled with a convergence or divergence angle of 3°.
The heated wall is made of 2 cm thick balsa wood
and electrically heated. This is achieved by gluing a
number of 0.015 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 flux.
The heat flux can be determined by the electric voltage
and current passing through the foil. The electric volt-
age drop due to the contact resistance between the heat-
ing strips and the terminals, which connect the heating
strips with the DC power supply, has been taken into
account. This kind of voltage drop is also noticed in
other experiment [27]. For better insulation, a 12 cm
thick foamed rubber is glued on the back of the heated
wall. All the other side walls are wrapped with 3 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 7 rows of chromel-alumel thermo-
couples. One row of the thermocouples is along the cen-
terline of the wall. The distance between two
neighboring rows is 2.5 cm, and the spacing between
two neighboring thermocouples in each row is 1 cm.
Since the surface temperature of the insulated wall is
needed for estimating the radiation loss from the heated
wall, five additional thermocouples are embedded along
the surface of the wall. All thermocouples are calibrated
in a constant temperature bath and the measurement
error is found to be within £ 0.1 °C. All the temperature
signals are acquired with a FLUKE-2287A data logger
connected to a computer for direct processing. The tem-
perature data are taken when the entire system reaches
steady state, usually in 3-4 h.

During the flow visualization experiments, a smoke
generator was used to supply smoke of fine particles.
The smoke particles are measured to be in a scale of
2 um and are small enough to trace the flow in the chan-
nel. Smoke enters the channel from a slot of 1 mm width
located on the bottom surface in the immediate up-
stream of the channel entrance, as shown in Fig. 1. A
transverse sheet of light perpendicular to the top insu-
lated wall is used to visualize the span wise structure
of secondary flow; while the sheet of light from the
end parallel to the flow passage is used to visualize the
flow structure from the side view. The flow patterns at
the upstream, the central and the downstream regions
can be observed and recorded. The smoke particles in-
jected were found to have no obvious effect on the heat
transfer after rerunning the heat transfer measurements.
During the experiments, the flow structure in the chan-
nel is sensitive to the circulation of ambient flow. There-
fore, a wind shield is constructed around the exit of the
channel to prevent this possible extraneous effect.
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Fig. 1. Schematic diagram of the experimental setup: (1) wind tunnel, (2) smoke tank, (3) power supply, (4) Plexiglas channel, (5)
camera, (6) laser, (7) rotating mirror, (8) light source and (9) pumped smoke from smoke generator.

The wind tunnel is the same as the one used in the
studies of mixed convection in a heated vertical conver-
gent or divergent channel [3-5]; hence a detailed descrip-
tion 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 sub-
tracted from the total energy supplied by the heater,
the local heat transfer coefficient is evaluated by the fol-
lowing equation:

hl‘ = (qt ~ Grad — qcond)/(TW - (1)

where T, is the average temperature of a single strip,
and r refers to the bulk mean condition or the inlet con-
dition. The conduction loss from the heated wall is esti-
mated by a one-dimensional conduction equation in a
composite wall. The procedure to calculate the radiation
loss from the heated wall is very similar to the one de-
scribed in [27] and will not be repeated here. The therm-
ophysical properties used in the local Nusselt number

Tr)7

are evaluated at the bulk mean temperature of the flow,
while those in the Reynolds and Grashof numbers are
evaluated at the inlet temperature.

Since the channel flow 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 heat-
ers. Relatively large heat loss in the exit region is also
found in other experiments [27,28]. The uncertainty of
the experimental data is determined according to the
procedure proposed by Kline and McClintock [29].
The maximum uncertainty of local Nusselt number is
5.6%, while that for the Reynolds and Grashof number
are 6.2% and 7.8%, respectively.

3. Results and discussion
3.1. Flow visualizations
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
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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. The plume is found to be initiated from the
instability wave as shown in Fig. 2(b) for the parallel-
plate channel. The instability wave grows only in ampli-
tude until the wave becomes unstable like small buds, as
shown in Fig. 2(c), which lead to protrusion of the flow
like fingers, as shown in Fig. 2(d), and become mush-
room-shaped plumes at the later stage, as shown in
Fig. 2(e). Similar kind of instability wave and plumes
can be initiated in the divergent channel, as shown in
Fig. 3. However, the divergence of channel can deceler-
ate the flow, at the same time the adverse pressure gra-
dient tends to make the flow unstable. Therefore, due
to the destabilization effect of the divergent channel,
the instability wave can be initiated at an earlier stage
which causes earlier initiation of the plume, as shown
in Fig. 3. Part of the reason can be attributed to the
deceleration of flow which makes the heated layer
thicker, the instability wave can be initiated at an earlier
stage.

The secondary flow occurred in divergent channel, as
shown in Fig. 3, is somewhat different from the results
for parallel-plate channel, as shown in Fig. 2. Due to
the destabilization effect of the adverse pressure gradi-
ent, the plumes produced is not stable. They oscillate
in spanwise direction. In addition, the deceleration of
flow can effectively lead to the local increase of Gr/Re>.
Therefore, the mushroom shaped-vortices extend later-
ally in a more rapid speed than in the parallel-plate

o
-~ N T o~

(e)

()

Fig. 2. Flow structure in the parallel-plate channel with Gr/
Re* =20 and Re = 500; (a) X = 10 cm, (b) X = 15 cm, (c) X = 20
cm, (d) X =25 cm, (¢) X=30 cm and (f) X =44 cm.

(a)

(c)

Fig. 3. Flow structure the divergent channel with Gr/Re* =20
and Re = 500; (a) X =10 cm, (b) X =15 cm, (c) X =20 cm, (d)
X=25cm, (¢) X=30cm and (f) X =44 cm.

channel, which causes interaction with the neighboring
vortices and form a complicated flow structure. The
interaction of vortices is not observed in the parallel-
plate channel for Re =500 and Gr/Re* =20, as shown
in Fig. 2(f). Since the channel cross section in the down-
stream is relatively large which gives the plumes more
space to grow, the plumes and vortices produced in
the divergent channel are greater. The greater plumes
produced exhaust more fluid of the heated layer on the
bottom wall. This leads to a thinner thermal boundary
layer in the bottom which causes a greater enhancement
of the heat transfer.

As the buoyancy parameter increases, the bottom
heated layer becomes thicker. The initiation of plumes
and formation of mushroom head occur at a much ear-
lier stage and the number of plumes initiated increases,
as shown in Fig. 4. These findings agree with the one re-
ported in [9]. In the downstream, the growth of plume
and lateral extension of the mushroom head leads to a
strong interaction of vortices, as shown in Fig. 4(d)
and (e). Not only that the interaction can occur at an
earlier stage but also the interaction is highly unstable
and form a very complicated flow structure, as shown
in Fig. 4(e). However, no breakdown of vortices and
transition to the turbulent flow is found as described
in the experiments with water. This is also true within
the range covered by the current experiments.

For divergent channel, the appearance of instability
wave, formation of fingers or plumes and interaction
of neighboring plumes or vortices can occur at an earlier
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(e)

U]

Fig. 4. Flow structure in the parallel-plate channel with Gr/
Re? =60 and Re = 500; (a) X = 10 cm, (b) X = 15 cm, (¢) X = 20
cm, (d) X=25cm, (¢) X=30 cm and (f) X =44 cm.

stage than in the parallel-plate channel, as one compares
Fig. 4 with Fig. 5. The earlier interaction of plumes leads
to a thinner bottom heated layer which can increase the
heat transfer. The interaction between plumes or vorti-
ces is so severe that the mushroom shaped vortex struc-
ture can not be visualized in the downstream region, as
shown in Fig. 5(e) and (f). However, the flow is still very
steady and laminar, no transition to turbulent flow has

(a)

(b)

(c)

(d)

Fig. 5. Flow structure in the divergent channel with Gr/
R =60 and Re=500; (a) X=10 cm, (b) X=15 cm, (c)
X=20cm, (d) X=25cm, (¢) X=30 cm and (f) X =44 cm.

occurred. Since the channel height is relatively large in
the downstream, this makes the heated fluid smoke to
stay in the upper region of the channel.

It is interesting to see how the secondary flow rises
and causes the enhancement of the heat transfer along
the channel. This can be done by observing the rise
of the secondary flow from the side and compare the
flow with the measurements of the local Nusselt num-
ber distribution along the channel, as shown in Figs.
6-8. There are three different important points, i.e.,
the onset of the secondary flow, the onset of the heat
transfer enhancement and the maximum in the heat
transfer, that need to be identified. The onset point of
the secondary flow can be located by the appearance
of the instability wave. The onset of heat transfer
enhancement can be identified at the location, where
the Nusselt number has reached minimum and has just
started to rise. As contrast to the flow observation, this
is the point, where instability wave has become unstable
and appeared like small buds, and the thermal has just
started to rise. The maximum in the heat transfer oc-
curs at the location, where the plume has been well
established and has almost reached the top wall of
the channel. One expects that this is the location, where
the bottom heated layer has been completely sucked
and removed by the plume flow, and heat transfer on
the bottom wall reaches maximum. As flow moves
downstream, the bottom heated layer can grow thicker
again. The growth of the bottom heated layer makes
the heat transfer to decrease.

Due to the destabilization effect in the divergent
channel, the onset point of the secondary flow, the onset
of the heat transfer enhancement and the maximum in

| I I
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0 | | 1 | 1 1 1 1
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Fig. 6. Side view of the secondary flow in contrast to the local
Nusselt number distribution for the divergent channel with
Re =500 and Gr/Re” = 60.
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Fig. 7. Side view of the secondary flow in contrast to the local
Nusselt number distribution for the parallel-plate channel with
Re =500 and Gr/Re> = 60.
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Fig. 8. Side view of the secondary flow in contrast to the local
Nusselt number distribution for the convergent channel with
Re =500 and Gr/Re* = 60.

the heat transfer moves upstream. It appears that the
onset of the heat transfer enhancement is very sensitive
to the divergence of the channel, which moves far up-
stream close to the onset of the secondary flow, as shown
in Fig. 6. This is attributed to the destabilization of the
divergent channel. The onset of the heat transfer
enhancement is the point, where instability wave be-
comes unstable and becomes like small buds. This unsta-
ble flow can be more affected by the destabilization effect
of the divergent channel.

In the convergent channel, the flow acceleration, or
the favorable pressure gradient has the effect to stabilize
the flow. The plumes produced is smaller and stable. No
interaction between neighboring plumes were found [5].
In addition, the acceleration of flow can make the bot-

tom heated layer thinner. This makes both the instability
wave and the rise of the bottom heated layer to be initi-
ated at a later stage, as one compares the onset point of
the secondary flow and the enhancement in the heat
transfer between Fig. 7 for the parallel-plate channel
and Fig. 8 for the convergent channel. In addition, it
is noted that the rise of the plume must be at the stage
when the bottom heated layer becomes and grows thick-
er enough. However, the acceleration of flow in the con-
vergent channel can make slower the growth rate of the
bottom heated layer. Therefore, the rise of the plume
can be delayed at a much later stage, as shown in Fig.
8, when the bottom heated layer becomes thicker
enough.

3.2. Mixed convection heat transfer

The current heat transfer data was validated by com-
paring our data in the parallel-plate channel with the re-
sults published previously. The agreement was found to
be very good [3-5].

As one compares the Nusselt number at Gr/Re® = 60
and Re =500 between the case of the convergent, as
shown in Fig. 8, and the case of the divergent channel,
as shown in Fig. 6, the heat transfer enhancement by
the secondary flow in the divergent channel is much
greater than in the convergent channel. This is attributed
to the deceleration of the flow in the divergent channel
that the ratio of the buoyancy force versus the inertial
force is greater than that in the parallel-plate channel,
and the effective value of Gr/Re” inside the channel is
much greater than 60. In the convergent channel, how-
ever, the acceleration of the flow makes the ratio of
the buoyancy force versus the inertial force less, and
the effective value of Gr/Re” inside the channel is much
less than 60.

However, as one puts all the Nusselt number results
for the parallel-plate, the convergent and the divergent
channel into to one figure, as shown in Fig. 9(a), the
Nusselt number results for different channels are not
much different when the Reynolds number is not large,
except that the location of the maximum Nusselt num-
ber in the divergent channel is much earlier while in the
convergent channel it is much later. In the downstream
region, the Nusselt number results for different channels
approach each other. However, when the Reynolds
number becomes higher, i.e., the forced convection ef-
fect becomes stronger, not only all the maxima of the
heat transfer for the different channels move down-
stream, but also the Nusselt number results become
deviating largely, as shown in Fig. 9(b). The maximum
heat transfer for the convergent channel has moved far
downstream that it could not be seen within the range
of the current channel.

The deviation in the heat transfer for different chan-
nels can be more clearly seen in Fig. 10 for the average
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Fig. 9. Comparison of the local Nusselt number distributions
among the cases of the divergent, the parallel-plate and the
convergent channel for Gr = 1.5 x 107 and (a) Re = 500 and (b)
Re =1000.

Nusselt number results. For the case of pure forced con-
vection, the average Nusselt number deviates largely.
This is attributed to the acceleration in the convergent
channel which can significantly increase the heat trans-
fer, and the deceleration in the divergent channel which
can significantly decrease the heat transfer. The greater
the Reynolds number, the greater the deviation of the
average Nusselt numbers for different channels become.
However, as the buoyancy parameter becomes large, the
average Nusselt numbers for different channels rapidly
approach the case of parallel-plate channel, as shown
in Fig 10(c). For smaller Reynolds number, the devia-
tion of the average Nusselt numbers for different chan-
nels remains but decreases slightly when the buoyancy
parameter increases. This is attributed to the increase
of the average Nusselt number in the divergent or the
parallel-plate channel due to the increase of the buoy-
ancy parameter is not so rapid as in the case when the
Reynolds number is higher. It appears that at the lower
Reynolds number condition, the enhancement in the
heat transfer due to the buoyancy driven secondary flow
in the divergent or the parallel-plate channel is not so
large as the case at higher Reynolds number condition.
More clear comparison is given numerically in Table 1
for the Nu,ye/(Nuave)rorcea at some Reynolds numbers
and Gr/Re* = 15.

15 T T T T T
141 g

131 g

12r Re=316 1
Nuave 11 —E1— CONVERGENT CHANNEL -
10 —O—PARALLEL CHANNEL 1

(@) 7

—A— DIVERGENT CHANNEL
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16[ 1
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Fig. 10. Buoyancy effect on the average Nusselt numbers for
the cases of the divergent, the parallel-plate and the convergent
channel at: (a) Re = 316, (b) Re = 500 and (c) Re = 1000.

3.3. Onset of secondary flow and heat transfer
enhancement

It is very interesting to study how the divergence or
the convergence of the channel will affect the onset point
of the secondary flow and the heat transfer enhancement
by the buoyancy driven flow. The location for the onset
of the secondary flow can be identified when the instabil-
ity wave becomes significant and flow becomes three-
dimensional. Before the onset of the secondary flow,
the channel flow can be viewed as two-dimensional.
The heated layer in the bottom is stable. Up to the onset
of the heat transfer enhancement, the buoyancy induced
secondary flow has a negligible effect on the heat trans-
fer. Pure forced convection heat transfer results can be
adopted before this point. After this point, however,
heat transfer enhancement becomes significant and in-
creases until reaching the maximum. This is the region,
where buoyancy induced convection has to be consid-
ered and chemical vapor deposition application should
be avoided. Previous discussion has emphasized that
the divergence of channel can cause earlier initiation
of the secondary flow due to the destabilization effect
while the convergence of channel can delay initiation
of this secondary flow due to the stabilization effect.
However, one would like to know to what extend the
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Table 1
Ratio of Nuaye/(Nitaye)forcea 10 the divergent, the parallel-plate
and the convergent channels for Gr/Re* = 15

GrIRe* =15 Re Nitgyel (Nttaye)torced
Convergent 316 1.0577
500 1.0292
1000 1.0241
Parallel-plate 316 1.0808
500 1.0887
1000 1.1644
Divergent 316 1.1112
500 1.1217
1000 1.3492

onset point will be affected by the convergence or the
divergence of channel.

Correlations for the onset of the secondary flow and
the heat transfer enhancement has been performed and
obtained in the parallel-plate channel for the thermal en-
try condition [2]. The Rayleigh number has been selected
as the parameter to correlate with a dimensionless dis-
tance X* for the onset point. Therefore, the same corre-
lation parameters were used in the current combined
entry flow condition. Successful correlations have been
obtained and can be written as follows:

Ra=A(X")?, (2)

where the constants 4 and B in the equation are listed in
Table 2. Comparison of the current data with the previ-
ous results is shown in Fig. 11. Both the onset point for
the secondary flow and the heat transfer enhancement in
the current combined entry condition agree very well
with that in the thermal entry condition. It is noted that
the velocity profile at the inlet of the channel is fully
developed for the thermal entry condition, but is uni-
form flow for the combined entry condition. It appears
that the instability wave generated in the upstream re-
gion is not affected by the velocity boundary layer. In
other words, the heated layer in the bottom that causes
the instability wave is not affected at all by the shape of

Table 2

the velocity profile across the channel. The initiation of
the instability wave is affected only by the buoyancy
force that is characterized by the Rayleigh number.
Therefore, the Rayleigh number that is selected in the
correlation process can adequately describe the instabil-
ity phenomenon in the system.

After the onset of the heat transfer enhancement, the
bottom heated layer protrude into the mainstream and
gradually forms mushroom-shaped plumes. The main-
stream flow is highly different for the developing and
the fully developed condition. In the developing condi-
tion, the potential core outside the boundary layer is
accelerated by the growth of the wall boundary layer,
which can push and drive the bottom heated protrusion
flow forward. This action can expedite the suction and
removal of the bottom heated layer and cause an earlier
contact of the top cold fluid with the wall and signifi-
cantly enhance the heat transfer. Therefore, the point
of the maximum heat transfer for the developing flow
condition is initiated significantly earlier than the fully
developed flow condition.

8.0 T T T
—— OSF, Maughan et al. [2]
7.5} —— OHTE, Maughan et al. [2]
—+= ME, Maughan et al. [2]
7 0 L —O— OSF, the present work
. —A— OHTE, the present work
_ —O— ME, the present work
T 6.5F ~ ~
3 = ~
8 6.0
Q ss5t
5.0t
‘OSF: onset of secondary flow
45 * OHTE: onset of heat transfer enhancement
ME: maximum enhancement
4.0 N . N . . . .
24 -22 -20 -1.8 -16 -1.4 -1.2 -1.0 -0.8

LOG(X*)

Fig. 11. Correlations for the onset point of secondary flow, the
heat transfer enhancement and the maximum point of the heat
transfer in the parallel-plate channel, and comparison with the
results of others.

Correlation Constants for the locations of onset of the secondary flow, the enhancement in the heat transfer and the maximum heat
transfer in the divergent, the parallel-plate and the convergent channels

Channels Locations A B
Parallel-plate Onset of secondary flow 8538.5 -1.39
Onset of enhancement 7822.4 —1.56
Maximum heat transfer 10889.3 —1.65
Divergent Onset of secondary flow 6643.1 —1.33
Onset of enhancement 2313.6 —-1.73
Maximum heat transfer 1973.1 —-1.99
Convergent Onset of secondary flow 19458.9 -1.29
Onset of enhancement 7122.5 —1.63
Maximum heat transfer 43602.3 —1.40
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In the divergent channel, however, the destabilization
effect due to the adverse pressure gradient can make the
small disturbance to grow at a more rapid rate that the
instability wave in the bottom heated layer can be initi-
ated at an earlier stage. This can cause the onset point of
the secondary flow to move upstream in the divergent
channel, as shown in Fig. 12(a). In addition, the earlier
initiation of the instability wave in the bottom heated
layer causes an earlier initiation of the wave protrusion
into the mainstream. This causes the onset of the heat
transfer enhancement to move upstream, as shown in
Fig. 12(a).

However, the shift of the onset of the heat transfer
enhancement to the upstream at the lower Rayleigh
number is greater than that at the higher Rayleigh num-
ber. It can be seen that the destabilization effect of the
divergent channel can make the protrusion of the insta-
bility wave more easier to occur at the lower Rayleigh
number. Thus, the bottom heated layer at higher Ray-
leigh number is more unstable than at the lower
Rayleigh number. The destabilization effect of the diver-
gent channel does not contribute much to destabilize the
bottom heated layer because this layer is already highly
unstable and can readily protrude into the mainstream.

8.0
75 Onset of Heat Transfer Enhancement
[~
70 - ¢ O. Oo Maximum Enhancement ]
— 65} . - 0,
(]
X 60} 0
O Onset of Secondary Flow o %o
S 55
5.0
Divergent Channel
45T —..—Parallel Plate Channel (@) ]
4.0 Y " " " " r "
24 22 -20 18 16 -14 12 10 -08
LOG(X*)
8.0
75 L Maximum Enhancement |
70t
__ 65}
€ 60
8 55 | Onset of Heat Transfer Enhancement
|
50}
45} Convergent Channel |
: —--— Parallel Plate Channel (b)
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Fig. 12. Comparison and correlations for the onset point of the
secondary flow, the heat transfer enhancement and the maxi-
mum point of the heat transfer in: (a) the divergent channel and
(b) the convergent channel.

However, at lower Rayleigh number the destabilization
effect of the divergent channel can more readily disturb
the more stable bottom heated layer and make the initial
protrusion of the bottom heated layer to occur at much
earlier stage. The earlier protrusion of the bottom
heated layer causes an earlier formation of the mush-
room-shaped plumes that can suck and remove the bot-
tom heated layer and make at an earlier stage the
contact of the top cold fluid with the bottom heated
wall. Therefore, the divergence of the channel can shift
the point of the maximum heat transfer upstream. In
addition, the shift to the upstream for the maximum
heat transfer is much greater at lower Rayleigh number,
while it is much less at higher Rayleigh number. The
constants in the correlation equation are also listed in
Table 2.

In the convergent channel, the favorable pressure
gradient or the acceleration can stabilize or suppress
the small disturbance in the flow that the instability
wave in the bottom heated layer can be initiated at later
stage. This can cause the onset point of the secondary
flow to move downstream in the convergent channel,
as shown in Fig. 12(b). However, it can be seen that
the suppression effect for the instability wave is more
significant at a low Rayleigh number than at a high
Rayleigh number. The suppression effect can also make
the onset point of protrusion of the bottom heated
layer to shift to the downstream, as shown in Fig.
12(b).

However, the downstream shift is not so significant
as comparison with the case of parallel-plate channel.
This leads to the results that at low Rayleigh number
conditions the protrusion of the bottom heated layer is
initiated once instability wave in this layer occurs. It
can be seen that the stabilization effect of the accelera-
tion in the convergent channel does not have much effect
on the onset of protrusion of the bottom heated layer,
but it does have much effect to shift to the downstream
the maximum point of the heat transfer, especially at
low Rayleigh number. However, the line for the maxi-
mum heat transfer is parallel, and has a similar corre-
spondence to the line for the onset of the secondary
flow, as shown in Fig. 12(b). It is very likely that in
the convergent channel, it is the suppression of the insta-
bility wave that leads to the shift of the maximum heat
transfer to the downstream. However, more detailed
measurements are needed for clarification. Again, the
constants in the correlation have been obtained and
are listed in Table 2.

4. Conclusions
Onset of the buoyancy induced secondary flow and

the enhancement of heat transfer in a bottom heated
horizontal divergent or convergent channel has been
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studied. The instability wave for the onset of secondary
flow, the initial protrusion of the wave in the bottom
heated layer which leads to the onset of heat transfer
enhancement can be clearly identified in the current flow
visualization experiments. The destabilization effect of
the decelerated flow in the divergent channel can make
the onset of the secondary flow, the heat transfer
enhancement and the point of the maximum heat trans-
fer to be initiated at an earlier stage, while the stabiliza-
tion effect of the accelerated flow in the convergent
channel can make them to be initiated at a later stage.
This action leads to a significant variation in the local
Nusselt number distributions.

In the divergent channel, the plumes produced are
greater and not stable. In addition, the deceleration of
flow can effectively lead to the local increase of Gr/Re’.
Therefore, stronger interaction with the neighboring
plumes and vortices are observed and form a compli-
cated flow structure. This leads to a greater enhance-
ment in the heat transfer.

In the convergent channel, it is on the contrary. the
acceleration of flow can effectively lead to the local de-
crease of Gr/Re*. The plumes produced are smaller
and stable. No interaction between plumes are found.
This leads a less enhancement in the heat transfer. How-
ever, the deceleration flow in the divergent channel and
the acceleration in the convergent make the average
Nusselt numbers approach the results of the parallel-
plate channel, especially when the Reynolds number is
higher.

Correlations for the onset of the secondary flow,
enhancement of the heat transfer and the point of the
maximum heat transfer in both the divergent and the
convergent channel have been very successful and the re-
sults have been discussed and compared with the case of
the parallel-plate channel.
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