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Abstract— An experimental study has been conducted to determine hydrodynamic and thermal conditionsin
laminar water flow between horizontal parallel plates with uniform, asymmetric heat fluxes. Flow
visualization and temperature measurements reveal the existence of a buoyancy driven flow which strongly
influences bottom plate conditions but has 2 weak influence on top plate conditions. Heat transfer at the top
plate is dominated by forced convection, while heat transfer at the bottom plate is characterized by mixed
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convection and can be correlated in terms of the parameter Ray;/Gzy for top to bottom heat fluxes less than 2.
For the range of heat fluxes considered, top and bottom plate flow conditions are independent of the heat flux
at the opposite plate.

1. INTRODUCTION

IN RECENT years there has been considerable interest in
the effects of buoyancy on laminar internal flow. In the
case of horizontal channels, buoyancy forces induce a
secondary flow which can reduce the thermal entry
length, enhance heat transfer, and promote early
transition to turbulence. Experimental [1-5] and
theoretical [6~11] studies of laminar mixed convection
in horizontal circular tubes have revealed heat transfer
coefficients which are as much as four times larger than
those associated with pure forced convection. The
mixed convection regime has been delineated and
general heat transfer correlations have been proposed.
Secondary flows have been shown to be in the form of
longitudinal rolls, and the effects of asymmetric heating
on flow and heat transfer have been determined.

Laminar mixed convection flow and heat transfer in
horizontal, rectangular channels has also been studied.
Experiments have revealed the existence of longitu-
dinal rolls and heat transfer enhancement up to five
times that associated with forced convection [12-17].
Enhancement is larger for the fully developed than for
the entrance region, and the length of the entry region
decreases with increasing buoyancy. These trends have
been predicted for the entrance and fully developed
regions of flow between parallel plates and through
channels of finite aspect ratio [18-24].

The present study was motivated by the fact that few
experiments have been performed to determine the
effects of buoyancy on flow in a horizontal channel
which is heated from above and below. While heating
from below induces a buoyancy flow which enhances
heat transfer, heating from above acts to stratify the
flow and hence to inhibit heat transfer. A major
objective of the study has therefore been to determine
the effects of thermal destabilization and thermal
stratification on heat transfer at both the top and
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bottom surfaces. Additional objectives have been to
observeand correlate onset of the buoyancy flowand to
correlate heat transfer results. Experiments have been
performed for water flow in a horizontal channel and
have involved flow visualization as well as temperature
and heat transfer measurements.

2. EXPERIMENTAL PROCEDURES

Experiments were performed using the water
channel of Fig. 1. The channel is 0.305 m wide and has
developing and test sections which are 1.05 m and
0.97 m long, respectively. Two heights (20 mm and 60
mm) were considered. All channel walls were con-
structed from 12.7 mm Plexiglas, except the top and
bottom of the test section, which were fabricated
from 9.5 mm aluminum plate.

Test section surface temperature measurements were
obtained from 19 thermocouples imbedded in the
bottom plate and 23 thermocouples in the top plate.
Beginning at z =51 mm, plate temperatures were
measured at 111 mm intervals along the midline and at
selected stations off the midline. Vertical temperature
distributions in the water were determined using
thermocouples mounted to a traversing mechanism. By
coupling a reversible motor to a potentiometer, the
thermocouples could be traversed at 10 mm/min and
the temperature and position outputs measured on an
x—y recorder.

A uniform heat flux was maintained at the top and
bottom surfaces of the test section by Electrofilm patch
heaters which were joined to the side of the aluminum
plate removed from the water. The fluxes were
independently controlled and could be varied over the
range from 0 to 6000 W/m? The outer surfaces of
the heaters were insulated, and heat loss to the
surroundings was estimated to be less than 19
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NOMENCLATURE
c, specific heat z longitudinal distance from test section
g acceleration due to gravity entrance.
Gry  Grashof number, gB(T,,— T)H3/v*
Gry, Grashof number, gfq, H*/kv? Greek symbols
Gz, Graetz number, (H/z)Rey Pr B thermal expansion coefficient
H channel height p density
h local convection heat transfer coefficient v kinematic viscosity.
k thermal conductivity
Nuy Nusselt number, hH/k Subscripts
Pr Prandtl number b bottom plate
q heat transfer rate per unit area F pure forced convection
Rag Rayleigh number, Gry Pr H based on plate height
Ray, Rayleigh number, Gry Pr m mean value
Rey Reynolds number, w H/v N pure natural or free convection
T temperature p plate condition
w longitudinal velocity q based on bottom plate heat flux, g,
y vertical distance from bottom plate t top plate.

Departures from a uniform surface heat flux condition
are due to longitudinal conduction in the aluminum
plate and to heat losc from the plate to the Plexiglas
developing section at the leading edge. Including these
effects in a two-dimensional, steady-state conduction
analysis of the plate, the deviation in the uniform flux
condition was estimated to be less than 107 at the first
measurement station {z = 51 mm) and less than 3% at
all subsequent stations.

A flowmeter, valve and pump arrangement were used
to control and measure the mean velocity of water flow
through the test section and a flow straightenei was
used to achieve a uniform velocity profile at the inlet to
the developing section. Hydrodynamic development
within this section is sufficient to insure fully developed
conditions at z = 0 for H = 20 mm but is not quite
sufficient for H = 60 mm [25]. However, because the
effect of velocity profile variations on heat transfer is
small for moderate to large Pr [26], it is reasonable to
assurie thermal entry length conditions (a fully
developed velocity profile at z = 0) for all conditions of
this study.

The flow was visualized through the side walls by
using both dye-injection and shadowgraph techniques.
Both methods reveal the existence of thermals rising

ENTRANCE ~~ FLOW DEVELOPING

from the heated bottom plate, as well as the extent to
which the flow becomes mixed. Since the shadowgraph
isarecording of light passing through the channel, itisa
two-dimensional technique which provides an indi-
cation of spanwise averaged conditions.

At the bottom and top surfaces, convection
coefficients are determined from

q=hT,—15) iy

where the heat flux and plate temperature are measured
quantities and the mean temperature is determined
from the energy balance

@+ )2

T(z) = Tolz =0
(z) = T{z =0} + woHpc,

2
Top and bottom heat transfer coefficients were
calculated at the eight longitudinal stations cor-
responding to measurement of T, and results were
correlated in terms of the Nusselt (Nuy), Reynolds
(Rey), and Grashof (Gry ) numbers. All properties
were evaluated at the local mean temperature, T,(2).
Experiments were performed for 65 different operating
conditions for which 0 < (gy, ) < 6000 W/m? and
3 < w, < 60 mm/s. With bottom heating, Grashof
numbers were in the range 4.3 x 10° < Gry, < 4.2
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F1G. 1. Schematic of flow channel.
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F1G. 2. Vertical temperature distributions for g, = g, = 1000 W/m?2, w,, = 10 mm/s, H = 60 mm, Rey = 650
and Gry, = 70x 107.

x 108. All but one of the experiments were performed
for Reynolds numbers in the range 65 < Rey < 1300,
providing for laminar flow conditions at z = 0.

All plate temperature measurements were made
along the midline in order to minimize the influence of
side wall effects and to maximize applicability of the
resuits to infinite parallel plates. Although regular
spanwise temperature variations have been observed
for air flow in a channel and have been associated with
the formation of longitudinal rolls [12, 14], no such
rolls were observed in this study. Moreover, plate
temperatures varied by less than 1°C in the spanwise
direction, with no consistent trend in the variations.

Using established procedures [27], uncertainties in
Nuy were estimated to be in the range from 6% to 30%,.
The larger uncertainties are due to small temperature
differences (T, — T,,) associated with the low heat flux
experiments. Uncertainties in Gry , and Rey are in the
ranges 8-21% and 2-12%, respectively.

3. RESULTS

3.1 Temperature distributions and flow visualization
For pure forced convection between horizontal
parallel plates, equivalent conditions are associated
with each plate. However, if free convection is
significant, conditions are asymmetrical, with the
degree of asymmetry depending upon the relative
influence of free and forced convection effects. This
behavior is demonstrated by the asymmetrical
temperature distributions of Fig. 2. As early as z/H
= 0.9, buoyancy induced flow originating from the

bottom plate causes T;, to be significantly less than T,.
Further downstream, the buoyancy driven flow
becomes random, and fluctuations are associated with
the temperature distributions. This behavior isin sharp
contrast to that of Fig. 3, for which there is no buoyancy
flow and the temperature distributions are smooth. The
distributions are typical of laminar, forced convection,
thermal boundary layer development, as T; increases
markedly with increasing =z Similar behavior
characterizes the top plate boundary layer of Fig. 2.
Although buoyancy induced mixing becomes intense
through most of the channel, penetration to the top
plate is inhibited by thermal stratification in the top
boundary layer. The effect of bottom heating on
conditions in this boundary layer is small, as T;
continues to increase with increasing z. The smooth
portion of the temperature profileat z/H = 4.6in Fig. 2
is attributed to the random nature of the buoyancy
driven flow (in inlet regions of the channel, vertical
penetration of this flow has been observed to vary with
time).

The effect of increasing the bottom plate heat flux is
to increase the destabilizing temperature gradient in
the bottom boundary layer and to enhance the
buoyancy induced flow. As shown in Fig. 4, increasing
g, has the effect of increasing the amplitude and
frequency of the temperature fluctuations and
advancing vertical penetration of the fluctuations.
Similar results are associated with a reduction in w,,
and except for conditions in the top boundary layer,
there is little effect of increasing q,.

A composite of dye-injection results is shown in Fig.
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FIG. 3. Vertical temperature distributions for g, = 0, g, = 1000 W/m?, w,, = 10 mm/s, H = 60 mm and
Rey = 650.
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FiG. 4. Vertical temperature distributions for g, = 6000
W/m?, g, = 0,w, = 10mm/s, H = 60 mm, Rey = 650, Gry ,
= 4.2 x 108,

5. Theexistence of a buoyancy induced flow is revealed
by vertical penetration of the dye, which is injected
parallel to the flow at y=z=0. Additional
photographs taken for each of the conditions of the
figure reveal that vertical penetration varies with time
(the secondary flow is random). Contrasting Figs 5(a)
and 5(b), increasing Rey is seen to suppress the
secondary flow and to increase the longitudinal
distance required for penetration to a fixed height.
Decreasing the channel height, and hence the Grashof
number, for a fixed Reynolds number also suppresses
free convection effects, as shown by Figs 5(a) and 5(d).

z/H=0 (c) z/HZ2.7 z/H=40
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Onset of the buoyancy induced flow, which leads to
ascension of the dye, moves from approximately z/H
= 0.3 for H = 60 mmin Fig. 5(a) to approximately z/H
= 6.3 for H = 20mmin Fig. 5(d). The resultis due toan
increase in the effects of shear relative to buoyancy
forces. The effect of increasing the Grashof number is
seen from Figs 5(a}and 5(c). Secondary flow isenhanced
and the longitudinal station for which this flow
penetrates to a fixed height is advanced. In Fig. 5(c) the
flow has penetrated to the top plate at z/H ~ 2.7 and
the mixing pattern is suggestive of turbulent free
convection.

The effect of top plate heating on flow which is
induced by heating from below is shown in Figs 5(¢)and
(56).In 5(¢) the secondary flow has penetrated to the top,
while in 5(f) penetration has been restricted by the
stable thermal boundary layer. However, this layer
does not appear to significantly influence secondary
flow in the core of the channel or near the bottom plate.
The results are consistent with those of Figs 2-4 and
suggest that, for the conditions of this study, g, has a
negligible effect on flow and thermal conditions at the
bottom plate.

Representative results from the shadowgraph
technique are shown in Figs 6-8. The effect which
increasing Rey has on inhibiting vertical penetration of

(d) z/H=63 2z/H=120

z/H=8.5

2/H=45 ()

FiG. 5. Composite of dye-injection results for (a) g, = 1000 W/m?, ¢, = 0, w,, = 10 mm/s, H = 60 mm (Rey

=650,Gry , = 70x 107);(b) gy = 1000 W/m?, g, = 0, w,, = 20 mm/s, H = 60 mm (Re, = 1300, Gry , = 7.0

x 107)}:(c) g, = 6000 W/m?, g, = 0, w,, = 10mmy/s, H = 60 mm (Rey = 650,Gr, , = 4.2 x 10%);(d) g, = 1000

W/m?, g, = 0, w,, = 30 mmy/s, H = 20 mm (Re,, = 650), Gry , = 8.6 x 10%); (¢} g, = 1000 W/m?, g, = 0, w,,

= 10mmy/s,H = 60mm(Rey = 650,Gry , = 7.0 x 107);(f) g, = 1000W/m?, g, = 6000 W/m?, w,, = 10mm/s,
H = 60 mm (Rey = 650, Gry,, = 7.0x 107).
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F16.6.Shadowgraphs for g, = 6000 W/m?,q, = 0,w,, = 10mm/s,H = 60mm{Rey = 650,Gry , = 42 x 10%).
q

the secondary flow is shown in Figs 6 and 7. In Fig. 6
penetration to the top surface occurs at z/H ~ 2.3;in
Fig. 7itoccursat z/H = 3.8. Theeffect of Gry ,isshown
in Figs 6 and 8 With decreasing Gry, mixing
associated with the buoyancy induced flow is less
intense and vertical penetration of the flow is delayed.

The flow visualization results were used to correlate
onset and vertical penetration of the buoyancy driven
flow in terms of the mixed convection parameter
Ra3/*/Gzy, which is developed in Section 3.3. Onset of

-8
the flow corresponds to a parameter value of

approximately 200, while penetration of the secondary
flow to the top plate (or to the bottom of the stabilized
layer for g, > 0) occurs for parameter values in excess of
approximately 5000.

3.2 Top plate heat transfer measurements
Theforegoing flow visualization results suggest that,
for the conditions of this study, the top plate thermal
boundary layer is sufficiently stratified to resist
significant penetration by buoyancy driven flows
originating from the bottom plate. Hence bottom

z/H=25

(b)

z/H=38 z/H=50

Fic. 7. Shadowgraphs for g, = 6000 W/m?, g, = 0, w,, = 20 mm/s, H = 60 mm (Rey = 1300, Gry,q =
4.2 % 108).



212

z/H=25 z/H=29

heating should have a negligible effect on top plate
boundary layer conditions, which should then be
dominated by forced convection. It is therefore
reasonable to compare top plate heat transfer data with
predictions for forced convection between paraliel
plates. Such a comparison is made in Fig. 9(a) where
predictions are based on an exact solution for
hydrodynamically developed laminar flow with g, = ¢,
[25]. The agreement is good, except for z/H < 4, where
the data are influenced by longitudinal conduction
within the plate. The effect, which is much more
pronounced for the top plate than for the bottom plate,
increases upstream values of T,, thereby reducing
experimental values of Nuy,. Figure 9(b) reveals the
extent to which data are underpredicted by the laminar
model when flow conditions are transitional (the
Reynolds number exceeds the critical value of
Rey . ~ 1400 [28]).

45
30+ Prediction Laminar Forced Convection
Ny o
15+ ° 5
(G) fs) " 1 A 3 L Il I
45
301 S ¢ o o o o o
Ny ¢
5F
Prediction Laminar Forced Convechon
A 1 A L 1 1 L
o c() 2 4 [ 8 10 12 23 6

z/H

F16. 9. Comparison of top plate heat transfer datafor g, = g,

= 1000 W/m? and H = 60 mm with predictions for laminar

and transitional forced convection: (a) Rey = 1300, {b) Rey
= 3900.

(b)

F1G.8. Shadowgraphs for g, = 2000 W/m?, g, = 0,w,, = 10mm/s,H = 60mm(Rey = 650,Gry, = 1.4 x 10%).

D. G. OsBorNE and F. P. INCROPERA

z/H=50

Top plate heat transfer data were approximately
independent of g, over the range g, < 600¢ W/m? and
weakly dependent on ¢/, over the range
0 < g/9, < 2. This dependence is attributed more to
the influence of ¢, on T, than to the effect of the
buoyancy driven flow. With increasing ¢,/4,, T,, may
increase faster than T, causing (T, — T} to decrease and
Nuy , to increase. The effect is well known for annular
flows [26] and has been predicted from a finite-
difference solution for laminar, forced convection
between paralle]l plates [29]. It increases with
increasing q,/q,, increasing z/H and decreasing Rey.

All of the top plate heat transfer data are plotted in
Fig. 10, along with the forced convection correlation

Nuy = 1.183Gz}? 3)

proposed by Shah [30] for ¢,/q, = 1. Although the
comparison is affected by experimental uncertainties

30
Os g, 6000 Wm®
Os g,/ 82
Rey < 1900
20 o
<]
Q
8
Ny F /
o ’
/ %
Nugst 18362,
fo) —t sl .ul_ b b, “'I_ . L
0 0? 10> 0° o'

Gz 2/(HRe,Pr)

Fi6. 10. Comparison of top plate data with forced convection
heat transfer correlation.
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FiG. 11. Comparison of top and bottom plate heat transfer
measurements for H = 60 mm, Rey = 1300 and g, = g,,.

and plate conduction in the entrance region, the
agreement is reasonable and is consistent with the
premise that top plate heat transfer is not significantly
influenced by bottom plate buoyancy effects.

It should be noted that additional experiments
performed at very low Reynolds number (Rey = 70)
yielded top plate Nusselt numbers which were three to
four times less than resuits for pure forced convection.
Use of flow visualization to investigate this behavior
revealed aregion of weak recirculating flow near the top
plate, which is similar to flows observed by Kennedy
and Zebib[23,31] and Luikov et al. [32] due to heating
from above.

3.3 Bottom plate heat transfer measurements
Although small for the top plate, free convection
effects are significant at the bottom plate. Buoyancy
induced motion for Ray/%/Gzy > 200 causes the
laminar flow to become random (possibly turbulent),
with a significant increase in the convection coefficient.
This behavior is shown in Fig. 11, where the bottom
plate Nusselt number is much larger than that at the top
plate for symmetrical heating (g, = q,). Moreover,
Nuy ,isindependent of the heat flux and well predicted
by the forced convection correlation, while Nuy,
increases by approximately 50% for a 4-fold increase in
heat flux and is significantly underpredicted by the
forced convection correlation. Concerning the effect of
buoyancy on heat transfer enhancement at the bottom
plate, results from other experiments are summarized in

Table 1. Influence of free convection on mixed convection heat
transfer from the bottom plate

z/H Nuy o/Nuy g % Change
Wy, = 10 mm/s 20 mm/s

2.7 2.17 1.86 —14

13.8 4.14 3.38 —18
g, = 1000 W/m? 6000 W/m?

2.7 2.34 3.55 52

13.8 393 6.68 70
H =20 mm 60 mm

2.7 0.94 2.90 208

13.8 1.78 5.76 224

Table 1 and reveal increased enhancement with
increasing z/H, H and g,,, as well as with decreasing w,,,.
Absence of a significant decay in Nuy ,, for the entrance
region data of Fig. 11 is attributed to heat transfer
enhancement by the buoyancy-driven flow.

Intheearly stages of this work it was thought that the
stable layer induced by heating from above could
diminish Nuy ,, by inhibiting the buoyancy driven flow.
However, the flow visualization results suggested that,
even with a strongly stratified upper layer, lower fluid
layers remained well mixed, in which case Nuy 4, should
not decrease with increasing ¢,. This conclusion is
consistent with the data of Fig. 12, which, in fact, reveal
the opposite trend. The increase in Nuy, with
increasing q,/q, is attributed to the effect of g, on T,
This effect is much more pronounced for the bottom
plate data than for either the top plate data or
predictions based on pure forced convection.
Differences in the effect are due to the significant
reduction in T; caused by the buoyancy driven flow.
This reduction enhances the effect of increasing 7;, on
the value of (T, — T;,). The worst case condition of this
study corresponds to ¢,/g, = 6 and H = 20 mm (Fig.
12b), where Nuy , approaches infinity for z/H ~ 20and
is negative for z/H > 20. Although discernable, the
effect of g,/q, on Nuy, remained small (<10%) for
4/qp < 2.

A major objective of this study was to develop a
reliable correlation for mixed convection heat transfer
from the bottom plate of a horizontal, parallel plate
channel. Initially, efforts were made to correlate datain
terms of Grashof to Reynolds number ratios of the form
Gr /Re}, where n was assigned customary values for
mixed convection flows (3/2, 2, or 5/2), L was set equal
to z or H, and Gr; was based on AT, or g,. All such
efforts were unsuccessful, however, and subsequent
attempts involved use of a correlation suggested by
Acrivos [33] and Churchill [34], which involves the
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F1G. 12. Effect of heat flux ratio on bottom plate Nusselt

number for g, = 1000 W/m?2: (a) H = 60 mm, Re, = 1300,

Gry,=70x107, (b) H = 20 mm, Rey = 217, Gry, = 8.6
x 103,
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FiG. 13. Comparison of data with forced and mixed convection correlations for the bottom plate Nusselt
number (g, = gy).

following superposition of results for pure forced (F)
and natural (N) convection.

Nu" = Nul + Nu, )

The power n is chosen to provide the best correlation,
and a value of 3 was found to be most appropriate for
the conditions of this study. Equation (3), which was
developed for laminar, forced convection between
parallel plates with uniform heat flux, was used for the
pure forced convection component of equation (4). For
the pure natural convection component, the cor-
relation of Fujii and Imura [35] for turbulent-
free convection from a heated horizontal plate
(facing upward) was used.

Nuy n = 0.14 Ray? )

However, since the surface condition of this study
is one of uniform heat flux, the substitution
Ray = Ray ,/Nuyis made, and the correlation is of the
form

Nuuy = 0.229 Raly* (6)

Substituting equations (3) and (6) into equation (4)
and using n = 3, the correlation for mixed convection
from the bottom plate of a parallel plate channel is

Nuy = [1.656 Gz +0.012 Ra/31'? )]

or, dividing by equation (3), the ratio of the mixed

8
)
3 /3
=13 ﬁ"."':'ﬁ{,,ooonﬂa
Nuyw ¢ Gzyy
Nuyp o
™ L
HF | 52xi0°s Rou,s 26%1C°

200 Re, s 1300

o,
(3
Ray o /G2y
FiG. 14. Correlation of bottom plate Nusselt number data for
QI/ 4y = 0.

convection to the forced convection Nusselt number is

N
S [14+00073(Rad4 /G2 (8)

Nug g

From equation (7), the Nusselt number may be
plotted as a function of the reciprocal Graetz number
for different values of the Rayleigh number. Thisis done
in Fig. 13 for four values of Ray , corresponding to the
data of the figure. Agreement between the mixed and
forced convection correlations improves with increas-
ing Gzy, and decreasing Ray ,, and for the smallest
value of Ray , the data are in reasonable agreement
with the correlations for all but the first station.
Overprediction of the measured result at this station is
attributed to plate axial conduction, which is most
pronounced in the forced convection limit. Agreement
of the mixed convection correlation with data for the
three larger values of Ray, is good at all but
downstream measurement stations for which the effect
of g, on T;, becomes discernible.

The form of equation (8) suggests that all data should
collapse to a single curve if plotted as Nuy /Nuy ¢
versus Ra;/s/Gzy. Figures 14 through 16,in which all of
the data have been plotted for g,/q, =0, 1 and 2,
respectively, reveal that this is in fact the case. The top
plate heat flux has only a small effect on Nug,, and
there is good agreement between the data and the
correlation. In Fig. 14 all data are correlated within
389, and 77% of the data are correlated within 109(. In

@

Ny 1+00073 R_g/:d.]
Nuy, ¢ Gzy
Nupp

& s
NUH,F G} 26x0°s Roy % 26x10

200 s Rey s 1300

3,
Rn/:, 4/ 62y

FiG. 15. Correlation of bottom plate Nusselt number data for
/9y = 1.
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F1G. 16. Correlation of bottom plate Nusselt number data for
q/qs =2.

Figs. 15 and 16, all data are correlated within 489, and
72%, of the data are correlated within 10%,. For g,/q,
> 2, differences between the data and the correlation
become significant and, by itself, Raj{4/Gzy is not a
proper correlating parameter. As shown in Fig. 17 for
q,/q, = 6,the data are significantly underpredicted due
to the effect of g, on T,,.

The foregoing correlations may be used to delineate
regions of forced, mixed and free convection for the
bottom plate. If the transition from laminar, forced
convection to mixed convection is said to occur when
Nuy/Nuy g exceeds 1.1, equation (8) suggests mixed
convection conditions for (Ray/;/Gzy) > 45. This value
is less than the result of 200 inferred from flow
visualization. If transition from mixed convection to
turbulent free convection is said to occur when
Nuy/Nuy \ becomes less than 1.1, equations (6) and (7)
suggest pure free convection for (Raj/%/Gzy) > 417.
This value is substantially less than the flow
visualization result of approximately 5000 for the
establishment of complete mixing.

4. SUMMARY

Experiments have been performed to determine the
effects of free convection on laminar, forced convection
flow between horizontal parallel plates which are
symmetrically and asymmetrically heated. Major
conclusions are as follows.

(1) Flow at the top plate is characterized by a
laminar, forced convection boundary layer. Thermal
stratification within this layer inhibits the penetration
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of buoyancy driven flows from the bottom plate, and,
for the conditions of this study, bottom heating has little
effect on top plate conditions.

(2) Conditions at the bottom plate are independent
of top plate heating but are strongly influenced by a
buoyancy induced flow whose effects increase with
increasing g, H and z and decreasing w,,,. From flow
visualization, onset of the buoyancy driven flow is
observed to occur for Raj/4/Gzy ~ 200 and attendant
mixingeffects penetrate to all but the top stable layer for
Ra3/%/Gzy ~ 5000.

(3) Heat transfer at the bottom plate is significantly
enhanced by the buoyancy driven flow, with mixed
convection coefficients exceeding those associated with
pure forced convection by as much as a factor of seven.
For g,/9, < 2, mixed convection heat transfer is well
correlated by equation (7).
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CONVECTION THERMIQUE MIXTE, LAMINAIRE POUR UN ECOULEMENT ENTRE
PLAQUES PARALLELES, HORIZONTALES AVEC CHAUFFAGE DISSYMETRIQUE

Résumé—Une étude expérimentale détermine les conditions hydrodynamiques et thermiques dans un
écoulement laminaire d’eau entre plaques paralléles, horizontales avec des flux thermiques uniformes
différents. La visualisation de P’écoulement et les mesures de température revelent Pexistence d'une
convection naturelle qui influence fortement les conditions sur la plaque inférieure, mais qui a une faible
influence sur les conditions a la plaque supérieure. Le transfert thermique 4 la plaque supérieure est dominé par
la convection forcée, tandis qu’a la plaque inférieure agit une convection mixte et il peut étre représenté en
fonction du paramétre Raj/*/Gz, pour un rapport de flux inférieur 4 2 entre sommet et base. Pour le domaine
de flux thermique considéré, les conditions d’écoulement aux plaques supérieure et inférieure sont
indépendantes du flux thermique sur la plaque opposée.

WARMEUBERGANG BEl LAMINARER MISCHKONVEKTION IN STROMUNGEN
ZWISCHEN HORIZONTALEN PARALLELEN PLATTEN MIT ASYMMETRISCHER
BEHEIZUNG

Zusammenfassung— Das hydrodynamische und thermische Verhalten einer laminaren Strémung von Wasser
zwischen zwei horizontalen parallelen Platten mit gleichférmiger asymmetrischer Verteilung der
Wirmestromdichte wurde experimentell untersucht. Die Beobachtung der Strémung und Temperatur-
messungen zeigen die Existenz ciner Auftriebsstromung, die einen groBen EinfluB auf die Bedingungen
an der unteren Platte, aber nur geringen EinfluB auf die Bedingungen an der oberen Platte hat. Der Wirme-
iibergang an der oberen Platte wird durch erzwungene Konvektion bestimmt, wihrend der Wirmeiiber-
gang an der unteren Platte durch Mischkonvektion charakterisiert ist. Fiir eine Warmestromdichte
kleiner 2 von der oberen zur unteren Platte kann der Wirmeiibergang in Abhingigkeit von Ray%/Gzy
korreliert werden. Im betrachteten Bereich der Wirmestromdichte sind die Strdmungsbedingungen
an der oberen und unteren Platte unabhingig von der Wirmestromdichte an der jeweils gegeniiberliegenden

Platte.
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JIAMMHAPHBIN TEIUICINIEPEHOC CMEBIAHHOY KOHBEKLMEN ISl TEYEHUA
MEXOQY ACUMMETPUYHO HATPEBAEMBIMU IOPU30OHTAJIbHBIMH
MAPAJUIEJIbHBIMHA NVIACTUHAMU

AHHOTAIMA—DKCNIEPHMEHTAILHO H3YYEHBI 'HAPOIHHAMKYECKHE H TENIOBbIE PEXHMEI NIPH JAMHHAPHOM
TEYECHHH B0/bl MEXY TOPH30HTAILHBIMH NapaUIeibHBIMH JIACTHHAMH C OQHOPOJHBIMH aCHMMETPHY-
HBIMM TEMIOBBIMH NOTOKaMH. Bu3yanbHoe H3yueHHE TeHYEHHS H M3IMEPEHMA TeMIepaTyphl ykas3aiu Ha
CYLECTBOBaHME BTOPHYHOTO TEYEHHS, BLI3BAHHOTO MObEMHBIMH CHIAMH, KOTOPOE OKAa3bIBAET CHILHOE
BIIMSIHHE HA PEXHMM Yy HHXKHEH, HO cnaGo BIHAET HA peXHM y BepxHeil nnactuubl. TeruronepeHoc y
BEPXHEHl IUIACTHHBI OOYCJIOBJICH BbIHYXICHHOH KOHBEKLHEH, B TO BpeMs XaK y HHXKHEH Xapakre-
pu3yeTcs CMELIAHHOH KOHBEKIHEH H OTHOLUCHHE BEPXHETO M HHXHETO MOTOKOB, BbIPaXkeHHOE 4epe3
napamerp Rad/$/Gzy, MeHbue 2. Jlns qHana3ona paccCMOTPEHHBIX TEIUIOBBIX TOTOKOB PeXKMbI TEHEHHS
y BEpXHEH M HHXHEiH MJIACTHH HE 3aBHCAT OT TEMJIOBOIO MOTOKA Y MPOTHBOMNONOXHOM MIACTHHBI,
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