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Abstract——Experimental studies of the mixed convection flow and heat transfer in a vertical convergent
channel have been carried out. One of the side walls which maintains the vertical position is heated
uniformly, and the opposite wall which has a convergence angle of 3° is insulated. The ratio of the height
to the width at the inlet of the channel is 15. During the experiments, the Reynolds number ranges from
100 to 4000 and the buoyancy parameter, Gr/Re?, ranges from 0.3 to 907. Flow structure inside the channel
is visualized with a heated smoke wire. For both assisted and opposed convection, flow reversal occurs
only in the upstream of the channel but not in the downstream where rapid acceleration of flow occurs and
the transport process is dominated by forced convection. For assisted convection, the reversed flow forms
a steady recirculation cell along the insulated wall, and has no effect on the heat transfer. For opposed
convection, the reversed flow occurs along the heated wall, and is unstable and sometimes generates a
number of vortices and becomes turbulent. This flow can significantly enhance the heat transfer along the
heated wall. Temperature fluctuations at different locations are measured and used to indicate oscillations
and fluctuations of the reversed flow. The effect of the buoyancy parameter on the reversed flow structure
and the Nusselt number is presented and discussed. The Nusselt number results are correlated in terms of
relevant nondimensional parameters for both pure forced and mixed convection, respectively. For the
purpose of comparison, the Nusselt numbers for parallel-plate channel are also measured and presented.

INTRODUCTION

The combined free and forced convection in a sym-
metrically or asymmetrically heated vertical passage
has received considerable attention for its practical
application in solar energy collectors, heat exchangers,
geothermal energy systems, and the cooling process
of nuclear reactors and modern electronic equipment.
In modern electronic devices, particularly, circuit den-
sity as well as power dissipation of electronic com-
ponents have become very large due to advances of
current technology, which may result in overheat of
the system. Therefore, large amount of heat must be
carried away by a suitable method in order to maintain
reliable performance and long life of system.
Electronic components are usually mounted on
arrays of vertical circuit boards which form parallel-
plate passages through which the coolant circulates.
Depending on the cooling scheme, the power density
or the overall heat dissipation of the circuit boards,
the coolant may be driven by free, mixed or pure
forced convection. As the power density becomes
large, buoyancy force may be generated in the flow
which can distort both the velocity and the tem-
perature profiles. To some extent, flow reversal may
occur in the channel, which can significantly affect the
stability and the structure of the flow, the wall friction
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and the heat transfer along the wall. Under certain
circumstances the circuit boards may be slightly tilted,
and turn the passages into a convergent or a divergent
channel. The convergence of the channel can accel-
erate the upward flowing mainstream while the diver-
gence can decelerate the flow. It is expected that both
convergence and the divergence of the channel can
have a significant effect on the occurrence and the
structure of the reversed flow, and can change the heat
transfer characteristics inside the channel.
Unfortunately, to the best knowledge of the
authors, relevant studies of mixed convection in a
heated vertical convergent (that is, smaller opening at
the exit) or divergent (smaller opening at the entrance)
channel are non-existent. The prior studies on the
flow and heat transfer in a convergent or a divergent
channel are mostly concerned with pure forced con-
vection. By assuming that the family of straight lines
passing through the source or sink constitute the
streamlines of the flow, the governing equations of the
system can be greatly simplified and their solution has
been obtained [1]. This type of flow is called Jeffery—
Hamel flow. The thermal problem of Jeffery-Hamel
flow with constant wall temperature or a variation in
wall heat flux, ¢, ~ 1/r, where r denotes the axial
distance from the source or the sink of the flow, has
been studied by several investigators [2-5]. By neg-
lecting the axial diffusion term in the energy equation
and applying the method of superposition, Shiina [5]
obtains a general solution for boundary condition of
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A cross section area of channel
b channel gap at the inlet of the channel
D, hydraulic diameter of the channel, 26

g gravitational acceleration

Gr  Grashof number, gBgD /kv?

h convective heat transfer coefficient
h average heat transfer coefficient

k thermal conductivity of air

Nu  local Nusselt number, 4D, /k

Nu  average Nusselt number, 2D, /k

Pr Prandt! number, v/a

q heat flux

Re  Reynolds number defined at the inlet
of the channel, u,Dy/v

NOMENCLATURE

T temperature
U inlet velocity
x,y coordinate parallel, and normal to the
heated wall.
Greek symbols
B coefficient of expansion
v kinematic viscosity.
Subscript
b refers to bulk mean
0 refers to inlet.

the kind g,, ~ . Dey and Nath [6] use the boundary
layer approximation to find the temperature dis-
tributions of the thermal boundary layer in a con-
vergent channel with axial variation in wall heat flux.
However, due to the assumption of straight streamline
contours, practical application of this type of flow is
very limited, especially for a divergent channel where
separation of flow occurs.

For developing flow in a convergent channel, a limited
number of studies have been performed [7, 8] for pure
forced convection and the results indicate that the
velocity profile is more likely to be ‘fully developed’
for small angles of convergence ; further, the Nusselt
number increases with the convergence angle. Su and
Lin [9, 10] obtained numerical resuits for both con-
vergent and divergent ducts and concluded that both
the pressure drop and the Nusselt number increased
with the convergent or the divergent angle. Exper-
imental work is also found for turbulent flow in a
divergent channel with fully developed inlet velocity
{11, 12]. Both the velocity and the pressure drop across
the convergent section have been measured. The vel-
ocity profile in the inner layer near the wall is found
to be independent of the pressure gradient in the main-
stream, while that in the outer layer can be represented
by the velocity profile of a jet [11].

Relevant work in a convergent or a divergent chan-
nel is the natural convection experiments performed
by Sparrow et al. [13, 14] who have considered sym-
metrical, constant wall temperature conditions. The
experimental results are compared with the numerical
predictions under the same condition in a convergent
channel, and the agreement is found to be very good.
In addition, correlations for the parallel-plate, the
convergent, and the divergent channel have been made
by these authors. Flow recirculation is found in the
center portion of the divergent channel, which does
not play an important role in the heat transfer. Since
the heat transfer coefficient 4 in their report is defined
as h = Q/A(T,—T,), as in type for boundary layer
flow, it appears that the flow recirculation outside the

boundary layer does not significantly affect the heat
transfer inside when turbulence is absent.

A review of mixed convection in a vertical channel
indicates an overwhelming number of references.
However, almost all the work completed thus far is
dedicated to that on parallel-walled passages such as
vertical or inclined tubes [15, 16], annuli [17, 18] and
parallel-plate ducts [19, 20]. Data on parallel-walled
passages give some insight to the current problem. A
comprehensive review of mixed convection in a ver-
tical pipe or channel has been thoroughly presented
by Aung [21] and Jackson et al. [22]. In the parallel
plate channel, Wirtz et al. [23, 24] have recently per-
formed a LDV measurement and holographic visual-
ization for opposed convection. The average Nusselt
number over the entire heated plate can increase
slightly when the wall heat flux is high [23]. The
increase in the Nusselt number is attributed to the
destabilization of viscous flow adjacent to the heated
wall by the opposing buoyancy which can cause a high
degree of turbulence intensity at the exit. Baek et al.
[25] have presented a numerical analysis and exper-
imental measurements of velocity profile for assisted
convection in a channel with asymmetrical wall tem-
peratures. At low Grashof number, the velocity profile
predicted agrees well with the experiments, while at
high Grashof number the velocity distortion predicted
underestimates in the middle region and overestimates
in the downstream region of the channel. The devi-
ation between the data and the prediction is attributed
to the transition to turbulent flow which is found
experimentally at high Grashof number. Although
heat transfer results are not presented in their report,
significant enhancement in heat transfer can be
expected. Gau et al. [26, 27] have experimentally studied
the reversed flow structure and heat transfer in a finite
asymmetrically heated parallel-plate channel. Flow
reversal can occur at relatively low buoyancy
parameter, Gr/Re?, for opposed convection and at
large Gr/Re* for assisted convection. The oscillation
of flow induced by the reversed flow is visualized. The
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Nusselt numbers based on the inlet temperature of the
flow for both assisted and opposed convection are
measured. A penetration model of the reversed flow
is developed, and the prediction agrees with the data
for small Reynolds number and large buoyancy par-
ameter. However, the results in the parallel-plate
channel cannot be used to predict the complicated
mixed convection flow and heat transfer in a con-
vergent or a divergent channel. A systematic study of
mixed convection in these channels is needed.

The present paper describes an experimental study
of mixed convection in a heated vertical convergent
channel. A uniform air flow enters the channel, and
exits to the ambient after passing the test section. One
of the channel walls which is maintained in the vertical
position is heated uniformly, while the opposite wall
which has a convergence angle of 3°, with one end
titted toward the opposed wall, is well-insulated. The
objective of this work is to study the mixed convection
flow, especially the reversed flow structure and the
heat transfer, in a heated vertical convergent channel.
Results of both the flow visualization using smoke
wire and the heat transfer measurements along the
heated wall are presented. The effects of the buoyancy
parameter and the Reynolds number on the flow struc-
ture and the Nusselt number are reported. For the
purpose of comparison, the heat transfer coefficient
in the parallel-plate channel is also measured and pre-
sented.

EXPERIMENTAL APPARATUS AND
PROCEDURES

Experiments are performed in a plexiglas channel.
The channel is 45 cm in length, 20 cm in width inside
and 3 cm in gap at the entrance. One of the vertical
walls can be tilted, in the current experiment, with a
3° convergent angle. The angle of the inclined wall
can be adjusted as desired. For parallel plate channel,
however, the inclined wall is adjusted to be parallel to
the opposite wall. This opposite side wall is made of
2 cm thick balsa wood and electrically heated. This is
achieved by gluing a number of 0.015 cm thick stain-
less steel foil strips on the entire wall and passing
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 voltage drop due to the contact resist-
ance between the heating 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 the experiment by Webb
et al. [28]. For better insulation, a 12 cm thick foamed
rubber is glued on the back of the heated wall.
In addition, all the other side walls are wrapped with
3 cm thick foamed rubber.

The heated wall is instrumented with 89 chromel-
alumel thermocouples epoxied on the back at 5-mm
intervals along the centerline of the wall. Eleven more

2447

thermocouples are positioned 5 cm away from the
centerline to monitor the end wall temperature vari-
ations. It is found that the maximum spanwise vari-
ation of the wall temperatures (in Celsius) is less than
3%. This indicates that a two-dimensional transport
process can be maintained when flow reversal is
absent. Since the surface temperature of the opposite
wall is needed for estimating the radiation loss from
the heated wall, five additional thermocouples are
embedded along the surface of the wall. All thermo-
couples 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-2287 A data logger connected to a com-
puter for direct processing. The temperature data are
taken when the entire system reaches steady state,
usually in 3-4 h. ‘

During the flow visualization experiments, a thin,
electrically heated wire coated with oil is used to gen-
erate the smoke. Fine iron powders are added into the
oil, as suggested by Fukamachi et al. [29], to provide
smoke of a better quality. The smoke wire can be
inserted through different small holes in the insulated
wall. A vertical sheet of light perpendicular to the
insulated wall is used for illumination. The flow pat-
terns at the upstream, the central and the downstream
regions can be observed and recorded. In order to
generate visualizable smoke without disturbing the
entire flow, the electrical power imposed on the heated
wire is carefully controlled. In addition, to minimize
the possible effect of the smoke on the flow structure,
smoke is generated periodically by turning off the
electric current passing through the wire inter-
mittently.

For assisted convection, air enters the channel from
its larger end which is located at the bottom. For
opposed convection, however, the convergent channel
is turned upside down, and air enters the channel from
the top. For pure forced convection experiments, the
buoyancy force inside the channel should be minim-
ized and this is accomplished by situating the channel
in a horizontal position. To accommodate the above
situations, the entire channel and the wind tunnel
which includes the diffuser, the settling chamber and
the contraction section are bolted together and placed
on a rotatable frame. To study the buoyancy effect
on the transport process inside the channel, the flow
velocity needs to be very low. In addition, due to
the occurrence of flow reversal, the entire flow may
become unsteady and significantly affected by the
noise and turbulence generated by the blower. There-
fore, a very large noise reduction chamber is con-
structed that has multiple passages and layers of
sponge glued to the inside. Since a pitot tube cannot
accurately measure the slow velocity of interest here,
the velocity in the channel is measured with a TSI hot
wire anemometer. To obtain increased accuracy, an
improved calibration system, which was originally
designed by Chen and Miau [30], is used. During
the calibration process, the hot wire is placed on a
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transverse mechanism that is enclosed in a quiescent
room. The transverse velocity of the probe, which
corresponds to the velocity of the air flow passing
through the wire, is controlled by a step motor of
variable speed. By this means, a calibration curve for
the air flow velocity through the wire and the cor-
responding compensation voltage across the wire can
be obtained. The entire velocity profile at the inlet to
the channel is measured and found to be very flat at
both high and very low entrance velocity conditions.
The turbulence intensity measured at the entrance of
the channel is 2.1% for entrance velocity at 0.27 m
s~!and 0.7% for entrance velocity at 1.59 m s™'.
The total heat input in a single heating strip can be
determined by the electric voltage and current passing
through the strip. However, both the conduction and
the radiation losses from each heating strip need to be
accounted for and substracted from the total energy
supplied by the heater. Therefore, the local heat trans-
fer coefficient is evaluated by the following equation:

hr = (qt—qradchond)/(Tw—Tr) (1)

where 1 refers to the bulk mean condition or the inlet
condition. The conduction loss from the heated wall
is estimated by a one-dimensional conduction equa-
tion in a composite wall. The procedure to calculate
the radiation loss from the heated wall is very similar
to the one described in [28] and will not be repeated
here. The thermophysical properties in the local Nus-
selt number are evaluated at the bulk mean tem-
perature of the flow, while those in the Reynolds and
Grashof numbers are evaluated at the inlet.

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
heaters. Relatively large heat loss in the exit region is
also found in the experiments by Wirtz and Mckinley
[23] and Webb and Hill [28]. To avoid the circulation
of ambient flow which may affect the exit condition
of the channel, a wind shield is made and put outside
the channel near the exit region. The uncertainty of
the experimental data is determined according to the
procedure proposed by Kline and McClintock [31].
The maximum uncertainty of local Nusselt number is
5.6%, while the Reynolds and Grashof number are
6.2 and 7.8%, respectively.

RESULTS AND DISCUSSIONS

Flow visualizations

The reversed flow patterns for buoyancy-assisted
and opposed convection in the parallel-plate channel
have been illustrated and discussed by Gau et al. [26,
27], and will be compared with those for the con-
vergent channel in the following discussion. For
assisted convection in a convergent channel, no flow
reversal is found when the buoyancy parameter is
small. When Gr/Re? is large enough (Gr/Re* > 100),
a recirculation bubble occurs near the insulated wall,

T. M. HUANG et al.

as shown in Fig. 1, where the heated wall is on the left
and the insulated wall on the right. It appears that the
reversed flow structure occurring in the convergent
channel is somewhat different from the one in the
parallel-plate channel. For parallel-plate channel, flow
reversal is triggered when buoyancy force becomes so
large in the downstream of the channel that natural
convection starts to dominate the transport process.
In this event, the total mass flow rate furnished by the
blower is less than the total mass flow rate driven by
the buoyant heated flow along the heated vertical
plate. Therefore, a minimum pressure is created inside
the channel and cold air is sucked into the channel
along the insulated wall from outside, forming a V-
shaped circulation flow. For a convergent channel,
however, a minimum pressure can also be created that
sucks the air to move upstream along the insulated
wall from the downstream region. Therefore, a steady
recirculation cell can be formed as shown in Fig. 1(a).
In the downstream region and near the exit of the
convergent channel, no flow reversal is found, as
shown in Fig. 1(b). This is due to the fact that the
convergence of the channel makes the flow in the
downstream region move faster so that the transport
process there is dominated by forced convection.
Despite the fact that the exact location for the top of
the recirculation cell could not be clearly identified,
the size of the recirculation flow is found to increase
with increasing Gr/Re®. With the recirculation flow,
the entire flow is still very steady, no oscillation or
transition to turbulent flow occurs within the range of
Gr/Re* covered.

For opposed convection, flow reversal can also
occur in the convergent channel when the buoyancy
parameter is large enough. For the case with
Gr/Re* = 10 and Re = 1000, the reversed flow occurs,
as shown in Fig. 2 where the right wall is heated
uniformly and the left wall is insulated. This is the
buoyancy parameter which is slightly higher than the
threshold value for the occurrence of flow reversal.
The mainstream enters the channel from the top and
moves downstream (downward) while the reversed
flow is initiated in the downstream along the heated
wall and moves upstream (upward), as shown in Fig.
2(a). The small protrusions appearing along the
heated wall are the terminals connecting the heating
strips with the d.c. power supplies. The terminals are
embedded in the side wall and cannot disturb the
entire flow. The reversed flow initiating in the down-
stream region is very thin; it is heated, thickens and
accelerates as it moves upstream. Due to the counter-
flow motion, the reversed flow becomes unstable. The
interface between the reversed flow and the main-
stream becomes wavy and is distorted, as shown in
Fig. 2(b). This leads to the result that the highest point
of the reversed flow moves up and down periodically.
The highest point that the reversed flow can reach is
determined by the balance between the buoyancy
force inside the reversed flow and the inertia and vis-
cous forces imposed by the mainstream. A higher heat
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Fig. 1. Reversed flow structure for assisted convection in a convergent channel with Gr/Re* = 250 and
Re = 200: (a) upstream region; (b) downstream region.
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Fig. 2. Reversed flow structure for opposed convection in a convergent channel with Gr/Re* = 10 and
Re = 1000.

flux along the wall leads to a higher buoyancy force
which can move the reversed flow further upstream
(that is, toward the top of the channel). However, the
reversed flow may become so unstable that it can be
completely ‘washed’ away periodically by the main-
stream, as shown in Fig. 2(c). In the absence of the
reversed flow, the entire flow becomes steady in this

period of time (lasting approximately 8 s). After this,
the reversed flow is initiated again in the downstream.
The whole process is repeated, leading to oscillations
of flow in the downstream.

In the far downstream region, no flow reversal is
found, as shown in Fig. 2(d) in which the smoke wire
is located at x = 25 cm. This is due to the fact that
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Wire—

Fig. 3. Reversed flow structure for opposed convection in a convergent channel with Gr/Re? = 40 and
Re = 500.

the buoyancy force of the reversed flow in this down-
stream region is relatively small and the rapid accel-
eration of the mainstream makes its inertia force rela-
tively large so that it can ‘wash’ away the reversed
flow located along the heated wall. Therefore, the
reversed flow cannot be initiated near the exit of the
convergent channel as opposed to the situation in the
parallel-plate channel [32] ; however, initiation of the
reversed flow is possible somewhere in the middle
region where the buoyancy force is large enough.

As the heat flux along the wall increases, i.e. as
the buoyancy parameter of the system increases, the
highest point of the reversed flow moves upstream
with the lowest point moving downstream. Therefore,
the extent that the reversed flow travels increases with
increasing buoyancy parameter as shown in Fig. 3 for
Gr/Re* = 40 and Re = 500. The reversed flow for the
case where the smoke wire located at x =25 ¢cm can
be observed in Fig. 3(a); the reversed flow in the
downstream region is absent for Gr/Re* = 10 and
Re = 1000. The phenomenon of repeated initiation,
growth, mixing and washing away of the reversed flow
is also observed and shown in Fig. 3(b), (c) and (d).
However, the frequency for the repeated ‘washing’
away of the reversed flow is higher. The time period
for the initiation of the reversed flow is approximately
3 s. The intense mixing with the mainstream makes
the reversed flow three-dimensional. In the down-
stream near the exit the flow is very steady, and no
flow reversal is found, as shown in Fig. 3(e). It appears
that the acceleration of flow due to the convergence
of channel is still significant near the exit, and the flow
process is dominated by forced convection.

When the buoyancy parameter is very large, the
reversed flow layer becomes very thick and is highly
unstable. The strong mixing of the reversed flow with
the mainstream can induce a number of vortices and
cause a transition from laminar to turbulent flow as
shown in Fig. 4(a). The reversed flow also can pen-
etrate directly to the top of the channel and exit to the
outside as shown in Fig. 4(b). The repeated initiation,
growth, mixing and washing way of the reversed flow
can still be observed, except that the frequency for the
initiation of the reversed flow is higher. When the
reversed flow is washed away, it takes less than one
second to initiate a new reversed flow. Due to the high
buoyancy parameter, the reversed flow and its strong
interaction and mixing with the mainstream can stiil
be observed, as shown in Fig. 4(d), with smoke wire
located at x = 35 c¢cm, which is closer to the exit.
Despite the fact that the vortices and the turbulence
generated upstream can propagate downstream, the
turbulence in the downstream region is not so intense
as those in the upstream. This is apparently caused by
the strong acceleration of flow which suppresses the
turbulence.

Temperature fluctuations

A very thin thermocouple probe having a wire
diameter of 0.1 mm is inserted into the center of the
channel at different locations to measure the tem-
perature fluctuations of the flow. For assisted convec-
tion, no oscillations or fluctuations of temperatures
are found in the entire channel in the range of Gr/Re*
covered since the reversed flow which occurs is very
steady and laminar. For opposed convection,
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Fig. 4. Reversed flow structure for opposed convection in a convergent channel with Gr/Re* = 907 and
Re = 105.
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Fig. 5. Temperature fluctuations for opposed convection in

a convergent channel with Gr/Re? = 10 and Re = 1000 at

(a) x=5cm, (b) x == 15cm, (c) x =25cm, (d) x =36 cm
and (e) x = 44 cm.

however, the flow becomes unstable and oscillations
of temperature are found to accompany the reversed
flow. Figure 5 shows the fluctuations of temperatures
at different positions in the convergent channel for
Gr/Reé* = 10 and Re = 1000. The value in the par-
enthesis of each figure is the root-mean-square of the
temperature fluctuations at each location. As men-

tioned previously in connection with flow visual-
ization, the reversed flow has a slow motion of oscil-
lation, it is the oscillation of the flow makes the
fluctuations of temperature occur. As the thermo-
couple probe moves downstream, both the amplitude
and the frequency of the temperature fluctuation
increase, as shown in Fig. 5(b), due to enhanced oscil-
lations. Upstream of the reversed flow, however, no
oscillation or fluctuation of temperature is found, as
shown in Fig. 5(a). It appears that the oscillation of
the flow does not propagate upstream ; it does propa-
gate in the downstream region, causing relatively large
fluctuations of temperature downstream, as shown in
Fig. 5(c) and (d). However, the convergence of the
channel can accelerate the flow which has the effect
of suppressing the flow oscillations and reducing the
amplitude of the temperature fluctuations. The sup-
pression effect becomes more evident further down-
stream, as shown in Fig. 5(¢), for x = 44 cm which is
close to the exit. It has been found [33, 34] that the
strong acceleration of flow can completely suppress
the turbulence and cause a reverse transition to lami-
nar flow. Therefore, the relaminarization of flow in
the downstream area can be expected in a channel
having a large angle of convergence.

When the buoyancy parameter is very large, the
strong interaction and mixing between the reversed
flow and the mainstream can lead to relatively large
amplitude and high frequency of temperature fluc-
tuations, as shown in Fig. 6(a) and (b). However, the
amplitude of the temperature fluctuations gradually
reduces, as shown in Fig. 6(c), (d) and (e), as the flow
moves downstream. This is due to the suppression of
turbulence by the accelerated flow. The suppression
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Fig. 6. Temperature fluctuations for opposed convection in

a convergent channel with Gr/Re? = 907 and Re = 105 at

(& x=5cm, (b) x=15cm, (c) x =25 cm, (d) x =36 cm
and (e) x = 44 cm.

effect is so large that the temperature fluctuations
near the exit for Gr/Re*> = 907 and Re = 105 are very
similar to the ones for Gr/Re* = 10 and Re = 1000.

Though the evidence provided by the present study
is quite limited, the lack of upstream propagation of
the influence of flow reversal, as noted in comments
associated with Fig. 5, would seem to lend credence
to theoretical results obtained using parabolic equa-
tions in these flow situations; see, for example, Aung
and Worku [40].

Forced convection heat transfer

The pure force convection experiments are per-
formed in a horizontal channel and the results are
used for comparison with the mixed convection data.
In this case, the top wall is heated and maintained
horizontal, while the bottom wall is insulated and is
parallel or convergent. It has been shown [26] that for
the parallel-plate channel when the Nusselt number
is divided by Re®“, the result is independent of the
Reynolds number. Therefore, the results for Nusselt
number divided by Re®* are shown in Fig. 7. The
figure shows that the normalized Nusselt number
which is for the parallel-plate channel for Reynolds
number in the range from 500 to 4000 collapses into
a single line and the results are slightly higher than
the theoretical results of Naito [35]. Note that the
prediction of Naito is obtained from an approximate
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Fig. 7. Comparisons of the normalized Nusselt number for
pure forced convection in the convergent and the parallel-
plate channel.

solution, which is found to be lower than the exact
solution of Heaton ez al. [36] by 5-7% [37]. Therefore,
Naito’s predictions are expected to be on the low side.
The Nusselt number distribution in the convergent
channel is similar to that for turbulent flow in a con-
vergent channel [8]. The Nusselt numbers decrease
first owing to the boundary layer growth, reach a mini-
mum and increase thereafter toward the downstream.
The increase of the Nusselt number in the downstream
region is due to the rapid acceleration of flow. Since
the normalized Nusselt number at a lower Reynolds
number is larger than that at a higher Reynolds
number, the acceleration of flow at a lower Reynolds
number is more effective for enhancing the heat trans-
fer. However, the Nusselt number defined above is
based on the bulk mean temperature. When the Nus-
selt number is defined based on the air temperature at
the inlet, all the normalized Nusselt numbers for the
convergent channel collapse into a single line. An
attempt is made to correlate the normalized Nusselt
numbers for both the parallel-plate and the con-
vergent channel. The dimensionless parameters selected
are x/D, and A/A;, where A is the cross section area
of the channel perpendicular to the heated plate, and
A; is the cross section area at the inlet of the channel.
The ratio 4/A; accounts for the variation of the cross
section of the convergent channel. The correlation is
found to be:

Nuy/Re®* = 0.987(x/Dy) "4 (4/4)"*5.  (2)

One can also select (x/Dy)/RePr and A/A; as dimen-
sionless parameter, and equation (2) can be
rearranged as follows:

x ~0.4
Nu, = 1.1384<—— / RePr) (4/4)7%.  (3)
D,

Comparison of the heat transfer data with equation
(2) is shown in Fig. 8. The standard deviation of the
data from the prediction of equation (2) is 2.5.

Mixed convection heat transfer
For mixed convection, the heated plate is main-
tained vertical while the opposite wall is parallel or
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Fig. 8. Correlation of the heat transfer results for pure forced
convection in both parallel-plate and convergent channels.
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Fig. 9. Nu/Re"* distributions at different Gr/Re? for assisted
convection in a parallel-plate channel.

convergent, and the Reynolds numbers range from
105 to 4000. For convenience, the Nusselt number
results are normalized by Re®* and the normalized
Nusselt number is found to be independent of Rey-
nolds number. This is true for both parallel-plate and
convergent channel. The normalized Nusselt number
distributions at different buoyancy parameters for the
parallel-plate channel are shown in Fig. 9 and those
for the convergent channel are shown in Fig. 10. Both
resuits indicate that the Nusselt number increases with
increasing buoyaricy parameter except in the region
near the exit of the convergent channel. Near the
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Fig. 10. Nu/Re* distributions at different Gr/Re? for assisted
convection in a convergent channel.
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exit region, the flow accelerates so rapidly that the
transport process is dominated by forced convection.
Therefore, the buoyancy parameter does not have a
significant effect on the heat transfer. The normalized
Nusselt numbers near the exit at different Gr/Re? tend
to coalesce and approach the data of pure forced
convection.

For assisted convection, the reversed flow occurs
along the insulated wall outside the buoyant heated
flow for both parallel-plate [27] and convergent chan-
nel. It has been shown [27] that for parallel-plate chan-
nel the reversed flow has no significant effect either
on the temperature distribution inside the buoyant
heated flow or the heat transfer along the heated wall.
This is also true for the convergent channel. However,
the reversed flow in the parallel-plate channel may
become unstable, due to mixing with the buoyant
heated flow, and transition to turbulent convection
occurs which can significantly enhance the heat trans-
fer, especially at the downstream region. For the con-
vergent channel, transition to turbulent flow is not
observed, and the reversed flow which appears as a
recirculation cell along the insulated wall is very stable
and does not have a significant effect on the heat
transfer for the experimental range covered.

For assisted convection in parallel-plate channel,
the normalized Nusselt number increases in pro-
portion to the buoyancy parameter, as shown in Fig.
9. It appears that the normalized Nusselt number can
be correlated in terms of the buoyancy parameter.
In addition, one needs also to select a dimensionless
distance to account for the local variation of the Nus-
selt number. The correlation is very successful and the
result is written as follows :

Nuo/Re®* = 0.9232(x/D,) "33
x [1+0.086(Gr/Re®)™*?]  (4)

for 0 < Gr/Re* <907 and 105 < Re < 2000 with a
standard deviation of 0.4. The correlation above has
included the heat transfer data of pure forced convec-
tion. Comparison of the heat transfer data with the
prediction of equation (4) is shown in Fig. 11.

For opposed convection in both parallel-plate and

8
Nug/Re®4
10.086{Gr/Re7)0-

1

Nug/Re® = 0.9232(z/Da)""™[1 + 0.086(Gr/Re21°2) ]

0 1 ) 1

.
1] 1 2 3 4 5 6
x/Dn

! |

Fig. 11. Correlations of Nu/Re®* for assisted convection
in the parallel-plate channel for Gr/Re® <907 and
105 < Re < 2000.
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Fig. 12. Nu/Re®* distributions at different Gr/Re* for
opposed convection in a parallel-plate channel. The dashed
line is for the case of Gr/Re* = 20 and Re = 700.

convergent channel, the Nusselt number can be nor-
malized by Re®* for Gr/Re* < 2.5 or Gr/Re* = 100.
These are the regimes where either pure forced or
natural convection is dominant inside the channel.
For 2.5 < Gr/Re* < 100, the normalized Nusselt
numbers at different Reynolds number cannot be col-
lapsed into a single line. In this range of buoyancy
parameters, the transport processes inside the channel
for both free and forced convection are of the same
order. The reversed flow can cause a local minimum
in the Nusselt number. The increases of the Reynolds
number can push the reversed flow downstream which
then moves the minimum in the Nusselt number
downstream. This leads to the deviation of the nor-
malized Nusselt numbers at different Reynolds num-
ber but with the same buoyancy parameter. Although
the reversed flow, as discussed previously, is unstable
and the separation point moves up and down along
the heated wall, the Nusselt number can reach a long-
time steady distribution during the experiments. Typi-
cal normalized Nusselt number distributions for the
buoyancy parameter in this range are plotted as
dashed lines as shown in Figs. 12 and 13. The local
minimum in the Nusselt number is related to the long-
time mean of the separation point of the reversed flow
as described in [26].

For buoyancy parameter less than 2.5, the Nusselt
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number results approach the correlation for pure forced
convection, as shown in Figs. 12 and 13. The decrease
of the Nusselt number with increasing buoyancy par-
ameter is attributed to the opposed buoyant flow,
which retards the velocity near the heated wall and
reduces the heat transfer as predicted by Ingham ez
al. [38]. For Gr/Re? = 100, the reversed flow is highly
unstable and a transition to turbulent convection can
occur. This can significantly enhance the heat transfer.
The minimum in the Nusselt number, which at current
flow condition is not related to the separation point
of the reversed flow, could hardly be observed,
especially for the convergent channel. In the down-
stream region, the increase of the Nusselt number as
the flow moves downstream is attributed to transition
to turbulence, as discussed by Gau et al. [26, 27]. In
the convergent channel, however, the increase of the
Nusselt number is not so significant due to the sup-
pression of turbulence by the accelerated flow.

Figure 14 shows the variation of Nu/Re®* with
Gr/{Re* in the convergent channel. The theoretical
results of pure forced convection [36] and the numeri-
cal results of pure natural convection in a vertical
parallel-plate duct [39] are also plotted for compari-
sons. The Nusselt number results for pure forced con-
vection in the convergent channel is also presented,
and are 20% higher than those for parallel-plate chan-
nel due to the rapid acceleration of the flow. For both
assisted and opposed convection, the experimental
data approach the pure forced convection results for
small Gr/Re*. For opposed convection, however, the
average Nusselt number decreases with increasing
Gr/Re’ for small Gr/Re® and increases with Gr/Re?
for large Gr/Re*. For Gr/Re* = 100, when natural
convection is dominant, the average Nusselt numbers
for both assisted and opposed convection approach
each other and the data are very close to those for free
convection in the parallel-plate channel. However, the
local variation of the Nusselt numbers for both
assisted and opposed convection are significantly
different, as indicated in the previous section.

The parameter Nu/Re" for the convergent channel
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Fig. 13. Nu/Re®* distributions at different Gr/Re* for Gr/Re

opposed convection in a convergent channel. The dashed
line is for the case of Gr/Re? = 20 and Re = 700.

Fig. 14. Variations of Nu/Re"* with Gr/Re? for assisted and
opposed convection in a convergent channel.
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is correlated in terms of Gr/Re?, and the results are
written as follows.
For assisted convection and Gr/Re* < 907,

1001og (Nu/Re®*) = —3.8+0.412410g (Gr/Re?)
+2.6234[log (Gr/Re?)])*  (5)

with a standard deviation of 0.011.
For opposed convection and Gr/Re? < 10, which is
the regime where Nu decreases with increasing Gr/Re?,

100 log (Nu/Re®*) = —4.5241.314log (Gr/Re?)
—3.396[log (Gr/Re*))* —4.279[log (Gr{Re)]®  (6)

with a standard deviation of 0.007.
For opposed convection and 10 < Gr/Re* < 907,

100 log (Nat/Re®*) = —17.03 +9.834log (Gr/Re?)
+4.081[log (Gr/Re*)]*  (7)

with a standard deviation of 0.014.

CONCLUSIONS

Both forced and mixed convection flow and heat
transfer in the convergent channel have been studied
experimentally. Reversed flow is found for both
assisted and opposed convection. However, flow
reversal occurs only in the upstream reaches of the
channel but not in the downstream region where rapid
acceleration of flow makes forced convection the
dominant transport process. The region where the
reversed flow traverses extends gradually with increas-
ing buoyancy parameter. For assisted convection, the
reversed flow is very steady and appears as a cir-
culation cell along the insulated wall and does not
have a significant effect on the heat transfer. For
opposed convection, however, due to the counter
motion with the mainstream, the reversed flow is
unstable and may lead to generation of vortices and
transition to turbulent convection. This can sig-
nificantly enhance the heat transfer. However, the
temperature fluctuation measurements indicate that
the rapid acceleration of the flow in the downstream
can suppress the turbulence intensity and eventually
reduce the heat transfer.

Pure forced convection heat transfer in both the
parallel-plate and the convergent channel has been
measured and correlated. For assisted and opposed
convection, both the local and the average Nusselt
numbers when divided by Re®* are found exper-
imentally to be a function only of the buoyancy
parameter. However, this is not true for the local
Nusselt number in opposed convection within
2.5 < Gr/Re* < 100. For assisted convection, the
buoyancy parameter does not have a significant effect
on the Nusselt number in the region near the exit, due
to the rapid acceleration of flow causing the transport
process to be dominated by forced convection. For
opposed convection, the increase of the Nusselt num-
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ber with the buoyancy parameter is attributed to the
occurrence of the reversed flow, which has a strong
interaction and mixing with the mainstream leading
to enhanced heat transfer. Correlations of the average
Nusselt number in terms of the buoyancy parameter
are also obtained.
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