
Int. J. Heat Mass Transfer. Vol. 33. No, 6, pp. 1307-1319, 1990 0017-9310/90 $3.00+0.00 
Printed in Great Bdtain ~ 1990 Pergamon Press plc 

Experimental measurements of orthogonal mixed 
convection in a partial enclosure 

M. M. R A H M A N  
Mechanical and Materials Engineering Department, Wright State University, Dayton, 

OH 45435, U.S.A. 

and 

V. P. CAREY 
Department of Mechanical Engineering, University of California, Berkeley, CA 94720, U.S.A. 

(Received 17 May 1989 and in final form 6 September 1989) 

Abstract--Measurements of local heat transfer coefficients and results of flow visualization experiments 
are pre~nted for orthogonal mixed convection in a partial enclosure with uniformly heated side walls and 
adiabatic top and bottom walls. In this study, experiments using water as a test fluid are conducted in a 
small scale test section with different inlet and outlet configurations. The flow and heating conditions are 
chosen to simulate the high Rayleigh number (10 ~°-I0 ~) and low to moderate Reynolds number (0-9000) 
typically encountered in building heat transfer applications. As the flow rate through the enclosure 
increases, the enhancement of heat transfer above that for natural convection alone also increases. The 
local enhancement is as large as a factor of 7 for some flow situations. The variation of local heat transfer 
coefficient ov©r the heated surface is found to be strongly affected by the recirculation of portions of the 
forced flow within the enclosure as well as the impingement on or separation of flow from the side walls 
in some regions. Mean heat transfer coefficients for the side walls are also reported here, which are 
determined by averaging the measured local values over the heated surface. The highest average enhance- 
ment is a factor of 2.6 at Ra = 1.6x l0 t° and Re = 8740 for a staggered orientation of the inlet and exit 
apertures. Correlations for the mean heat transfer coefficient and a flow regime map for different enclosure 

geometries are also proposed. 

INTRODUCTION 

CROSS-FLOW mixed convection in partial enclosure 
geometries may arise in several thermal control appli- 
cations. Flow in a room, for example, is often driven 
by a combination of horizontal forced flow due to 
ventilation and a buoyancy driven flow along the walls 
resulting from the difference between the wall tem- 
perature and the bulk air temperature. Similar flows 
may arise in the cooling system of  a computer or any 
other electronic equipment when a horizontal flow 
of  air through a cabinet containing heat dissipating 
electronic components on vertical circuit boards. 

This type of  enclosure flow is somewhat related to 
the mixed convection in a horizontal tube or duct, 
particularly near the entrance when the flow rate is 
small. Experimental studies of mixed convection in a 
tube with uniformly heated surface condition have 
been reported by, among others, McComas and 
Eckert [!], Mori et al. [2], Petukov and Polyakov 
[3], Shanon and Depew [4], Bergles and Simonds [5], 
Hong et aL [6] and Morcos and Bergles [7]. These 
studies used either air, water or ethylene glycol as the 
test fluid and obtained heat transfer data covering 
wide ranges of  Reynolds and Grashof numbe/'s. Cor- 
relations for the heat transfer coefficient were also 
developed based on the experimental data. Variable 

fluid property and wall conduction effects were also 
investigated. The transition of  the flow from laminar 
to turbulent was found to be somewhat dependent on 
the wall heat flux. The experimental studies for tubes 
with an isothermal surface condition have recently 
been summarized by Yousef and Tarasuk [8]. For  
both isothermal and uniformly heated surface con- 
ditions, it was apparent that the experimental data 
cannot be correlated by using a simple superposition 
of forced and free convection effects (i.e. simple sum- 
mation of  the h values for each mechanism). 

Several analytical and numerical studies of mixed 
convection in horizontal tubes have also been per- 
formed. The ones more related to the present study 
are those dealing with the hydrodynamic and/or 
thermally developing flow. Ou and Cheng [9] and 
Cheng and Ou [10] employed a numerical finite 
difference scheme to determine natural convection 
effects on laminar flow near the entrance of  a hori- 
zontal tube. Based on the high Prandtl number 
approximation, they assumed that the axial flow field 
in the entrance region retained the PoiseuiUe flow pro- 
file and that the secondary flow is important only in 
the energy equation. Their results agreed reasonably 
well with experimental measurements for high Prandtl 
number fluids. Recently, Hishida et al. [! !] solved this 
type of  entrance flow problem without using the large 
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NOMENCLATURE 

a exponent for equation (5) 
b exponent for equation (5) 
d hydraulic diameter for test section 
g gravitational acceleration 
Gr* Grashof number based on heat flux, 

gflqL 4/kv: 
h local heat transfer coefficient 
h" mean heat transfer coefficient 
k fluid thermal conductivity 
L le~igth of the test section 
n exponent for equation (4) 
Pr Prandtl number 
q surface heat flux 
Ra* Rayleigh number based on surface heat 

flux, Gr* Pr 
Re Reynolds number 
x vertical coordinate 

horizontal coordinate parallel to heated 
surface. 

Greek symbols 
# coefficient of volumetric expansion 
F ratio of average forced to natural 

convection (h'fc//~,~) 
v fluid kinematic viscosity. 

Subscripts 
d based on hydraulic diameter 
fc forced convection 
m based on maximum length 
mc mixed convection 
nc natural convection 
x based on x 
z based on z. 

Prandtl number approximation. They also extended 
it to circumstances where both hydrodynamic and 
thermal boundary layers were developing. Com- 
putations were done for a wide range of flow and 
heating conditions. An analytical solution for the 
hydrodynamically and thermally developing flow in 
an isothermally heated tube was reported by Yao 
[12]. He used an asymptotic expansion technique by 
perturbing the developing flow in an unheated pipe. 

Mixed convection during developing flow in a hori- 
zontal rectangular channel has also been investigated 
by Ou et al. [13] for an isothermal wall condition and 
by Cheng et al. [14] and Abou-Ellail and Morcos 
[15] for uniformly heated surface conditions. These 
numerical studies calculated the flow field and the heat 
transfer coefficient for Prandti numbers ranging from 
1 to 20. It was found that an increase in Rayleigh 
number results in a reduction of the entry length and 
an enhancement of the heat transfer coefficient. These 
developing flow studies in a rectangular channel are 
more directly related to enclosure flows because of 
their boundary layer structure near the wall. However, 
in most enclosure configurations, such as the inside of 
a room in a building or in a cabinet housing electronic 
circuit boards, all of the sides are not kept at an 
identical condition. Often the ceiling and the floor 
may have quite different temperature or heat flux con- 
ditions than those of the side walls. Moreover, the 
studies mentioned above considered flows at Rayleigh 
numbers of 105 or lower, which is much smaller than 
a typical Rayleigh number for building heat transfer 
circumstances. Therefore, the results of the pipe or 
duct flows described above cannot be directly applied 
to flows of this type. 

In two recent studies, Johnson et al. [16] and Neis- 
wanger et al. [17] presented experimental data for 
flows in rectangular enclosures with high Rayleigh 

and low to moderate Reynolds numbers that are typi- 
cal of building heat transfer circumstances. The data 
reported by Johnson et al. [16] deal with a rectangular 
channel with uniformly heated side walls and adia- 
batic top and bottom walls. The ends of the channels 
were open to fluid reservoirs. The flow inside the 
enclosure was found to be somewhat similar to the 
flow in a rectangular duct, except for the presence of 
strong vertical natural convection effects near the 
heated walls. The experimental conditions ranged 
from pure natural convection to strong forced con- 
vection where buoyancy effects were negligible. The 
experimental data presented in Neiswanger et al. [l 7] 
were taken with flow and heat transfer conditions 
similar to those of Johnson et al. [16], except for the 
fact that the entrance and the exit to the test section 
were restricted with identical doorways. The flow and 
heat transfer inside the enclosure were found to be 
quite significantly affected by the presence of these 
restrictions. Depending on the flow rate, one or more 
recirculation regions were found to be present inside 
the enclosure. 

Even though the studies by Johnson et al. [16] and 
Neiswanger et al. [ 17] revealed a number of interesting 
features of cross-flow mixed convection in a rec- 
tangular enclosure, results were obtained for only two 
specific flow situations, namely an open-ended rec- 
tangular enclosure and an enclosure with identical 
doorways at the inlet and the exit. Moreover, the trend 
of the distribution of the local heat transfer coefficient 
in these two cases confirmed that restrictions on the 
path of the flow have a very strong influence on the 
flow and heat transfer behavior. 

The studies discussed above indicate that some 
specific areas of orthogonal mixed convection have 
been quite well explored. However, many questions 
are as yet unanswered for the high Rayleigh number 
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flows which may arise in buildings and cooling 
systems for electronic equipment. The present ex- 
perimental efforts were undertaken to obtain more 
information about such flows. Experiments were con- 
ducted for internal flow in a rectangular partial enclos- 
ure with three different inlet and outlet opening con- 
figurations. They were (a) a door at the entrance 
with open-ended exit, (b) a door at the exit with open- 
ended entrance, and (c) non-symmetric restrictions at 
the inlet and the exit. The test section used in these 
experiments had uniformly heated vertical side walls, 
adiabatic top and bottom walls and openings at the 
other two walls which were also adiabatic in nature. 
The structures of the flows were observed visually 
using a dye injection technique. The values of the local 
heat transfer coefficient at different locations on the 
plate were measured. These were integrated to cal- 
culate the mean heat transfer coefficient for different 
flow and heat flux conditions. Correlating equations 
for the mean heat transfer coefficient and the flow 
regime transition maps were also developed for 
different enclosure configurations. 

EXPERIMENTAL APPARATUS AND 
PROCEDURE 

The test section used for the experiments reported 
here is shown in Fig. 1. Within the enclosure, the 
cross-section normal to the forced flow direction is a 
square 20.0 cm high and 20.0 cm wide, and the top 
and bottom walls of the test section are made of 12.7 
mm thick transparent acrylic plastic. This allowed 
the flow to be observed when employing the flow 
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FIG. t. Test section For mixed convection experiments. 

visualization techniques. For the tests with water 
reported here, the heat transfer through the plastic 
was negligible, so the top and bottom walls were essen- 
tially adiabatic. The end walls (doorways) were also 
made of acrylic plastic and were also adiabatic during 
the experiments. 

In the test section, along each vertical side wall, two 
jaw assemblies were used to stretch a 0.0264 mm thick 
sheet of Inconel foil over a 25.4 mm thick layer of 
polystyrene foam insulation. The foil was also bonded 
to the surface of the insulation, except at the ther- 
mocouple locations. The foil was very uniform in 
thickness (+__0.0013 mm) so that when an electric cur- 
rent passed through it, a uniform heat flux condition 
was imposed along the vertical walls of the enclosure. 
The polystyrene insulation virtually eliminated heat 
loss to the surroundings, so all the applied heat was 
delivered to the water. In addition, due to the thinness 
of the Inconei foil, conduction of heat in the wall 
structure was negligible. 

An array of  copper-constantan thermocouples was 
used to determine the local wall temperature. These 
thermocouples were installed behind the foil as shown 
in Fig. I. A thin layer of  teflon tape was used between 
each thermocouple bead and the foil to prevent any 
electrical interference which might have affected the 
thermocouple reading, while maintaining good ther- 
mal communication between the bead and the foil. 
Thermocouple wires leaving the test section were 
sealed using RTV silicone to prevent any water leak- 
age. One side wall was instrumented with 32 ther- 
mocouples distributed over the surface of the wall. 
The opposite side wall had only six thermocouples to 
verify the symmetry of  thermal transport from the 
two walls during the tests with symmetric doorways. 
Two thermocouples mounted on a support rod at 
different elevations at the entrance of the test section 
were used to determine the ambient (and core flow) 
water temperature. 

The flow of water through the test section was sup- 
plied by the flow system shown schematically in Fig. 
2. Water from the storage reservoir flowed into the 
test section and was discharged into the exit plenum. 
The water then passed through the pump and flow 
meter and was returned to the inlet reservoir through 
an overhead pipe. 

The inlet reservoir is a large tank with a capacity of  
246 liters. The water return line splits into two parts 
just before entering the reservoir to reduce the kinetic 
energy of  the return flow. Below the water level in the 
tank, each return line has a staggered hole pattern 
around its circumference and a capped end. This dis- 
tributes water as evenly as possible for a greater flow 
uniformity in the tank. One layer of  nylon window- 
screen material was located about halfway between 
the water return line and the test section inlet to help 
damp out any flow irregularities. The flow visu- 
alization studies indicated that the inlet flow was. in 
fact, laminar and very symmetrical with respect to the 
rectangular inlet cross-section. 
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Schematic of the flow loop for mixed convection experiments. 

The exit plenum is slightly larger than the test 
section, having a capacity of 76 liters. An acrylic plas- 
tic distribution plate with a staggered array of  small 
holes was installed inside the exit plenum to prevent 
premature flow constriction in the test section. The 
plumbing lines in the water circulation loop were 3 !.8 
mm i.d. PVC pipe. To help isolate the test section from 
the pump vibration, flexible rubber couplers were used 
to connect the pump inlet and outlet to the hard piping 
in the system. A calibrated rotameter manufactured 
by King Instruments, with a range of  23-110 1 rain- ', 
was used to determine the water flow rate. A cen- 
trifugal pump from Price Pump Company was used 
to pump water through the system. A gate valve 
between the pump and the rotameter was used to 
control the flow rate. 

The electric power required to heat the walls of  the 
test section was provided by a Sorensen DCR 40- 
40B 1800 W regulated d.c. power supply. A specified 
current of  up to 45 A was passed through the Inconel 
foil, establishing a uniform heat flux at the walls to a 
limit of  1900 W m-  :. The current through the foil was 
determined by measuring the voltage drop across a 
large shunt resistor of  known resistance in the circuit. 
This measurement was taken using a Hewlett-Pack- 
ard 3446A digital multimeter. The copper-constantan 
thermocouples in the test section were read using an 
Omega two-pole sector switch and a precision Fluke 
digital readout. 

The experimental system permitted testing over 
Rayleigh numbers (Ra*) and inside channel Rey- 
nolds numbers (Rej) in the ranges 5 × 109< Ra* 
< 10" and 670 < Red< 7000. The lower limits of  
these ranges were determined by the minimum 
flow and heat flux conditions for which accurate 
measurements were possible. The upper limits cor- 
responded to the output capacity of  the equipment. 

Experiments were performed for three different 
entrance and exit configurations in the test section. 
These are sketched in Fig. 3. In each case, the aperture 
extended from the bottom to the top of  the test 
section. In the inlet and exit aperture configurations, 
the opening was 6.8 cm wide at the restricted side, and 

fully open on the other side. In the staggered aperture 
configuration, the openings were 13.4 cm wide, or 
about two-thirds of  the enclosure width. Since a com- 
plete thermocouple array was located only on one 
side wall of  the test section, measurements for the 
staggered aperture configuration had to be done in 
two steps, reversing the inlet and outlet openings. 

In each experimental run, the flow condition was 
set first and then heating was started. After that, the 
system was allowed to stabilize for about 15-20 min 
until the steady state was achieved. The flow, heat flux 
and thermocouple readings were then recorded. The 
ambient thermocouples were read at the beginning 
and end of  each run to identify the transient effects or 
changes in the ambient temperature during the test. 
For each heat flux setting, the runs ranged from no 

R~sm < 5000 R ~ :  > 6000 
(a) ~ Aperture Configuration 

(b) Exit Aperture Conflgurat|on 

Ra~m < ?000 R~m 3. ?000 
(c) Stalli~recl Aperture Confllp~'at|on 

FIG. 3. Schematic of the core flow pattern for different 
aperture configurations. 
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flow (natural convection) to the highest flow that 
could be supplied by the pump. 

The experimental measurements were analyzed 
using a data reduction computer program to calculate 
the local and average heat transfer coefficients. The 
data were checked for consistency in terms of the 
enhancement of heat transfer with flow rate and 
were discarded if any inconsistency was detected. 
Moreover, the uncertainty level for each experimental 
run was computed by the program. The uncertainty 
level for the Rayleigh number was always within 3%. 
The runs with a high uncertainty (more than 18%) 
on the local or average heat transfer coefficient were 
discarded. However, most accepted runs had a much 
smaller uncertainty (within 5%) in the local heat 
transfer coefficient. The measurements were also 
checked for repeatability by randomly repeating cer- 
tain runs. In all cases, the trend of the local heat 
transfer distribution and the value of the average heat 
transfer coefficient were found to be repeatable within 
their level of uncertainty. 

In addition to the heat transfer measurements, flow 
visualization studies were performed using a gravity- 
driven dye injection system. Dye was stored above the 
test section in a bottle with a drip valve. A thin plastic 
tube connected the exit of  the bottle to a brass injector 
tube with an inside diameter of  approximately 1 mm. 
With the drip valve open, a stream of  slowly moving 
dye was released into the flow at the location of  the 
injector, which could be placed anywhere in the test 
section. The subsequent motion of the dye was then 
observed visually and documented using still photo- 
graphy. A water-soluble food color was used as the 
dye. 

OBSERVED FLOW STRUCTURE 

A series of flow visualization tests were done with 
different flow rates and both with and without any 
heat input along the side walls. Figure 3 shows sche- 
matic diagrams of the core flow structure for different 
inlet and exit configurations in the middle of  the chan- 
nel (vertically) away from the top and bottom walls. 
For the entire range of  flow rates tested here, the 
entrance flow to the test section was smooth and lami- 
nar. The flow inside the enclosure was observed to be 
turbulent for Re.~ > 2000. Note that this Reynolds 
number is based on channel length rather than the 
hydraulic diameter. Since the flow in an enclosure has 
similarities with both pipe flow and flow along a flat 
plate, the Reynolds number based on diameter and 
that based on length both appear to have significance 
in describing the flow. The latter one will be chosen 
here since the heat transfer mechanism in this type of 
flow is generally confined to the boundary layer region 
near the heated side walls. However, for the tests 
described here, the two Reynolds numbers are related 
a s  

Red = 0.73Re~. (I) 

Most heat transfer tests were done with flow rates that 
correspond to a value of  Re.-m larger than 850. This 
was required to preserve sufficient accuracy in the flow 
measurement with the available flow meter. 

For  the inlet aperture configuration, it was found 
that the flow expanded after entering the test section. 
At flow rates corresponding to Re..m < 5000, the 
expanding flow impinged on the test section side walls 
resulting in a stagnation line at each wall. This line 
moved further downstream as the flow rate increased. 
At any particular flow rate, the location of the stag- 
nation line was not completely steady; rather it fluc- 
tuated over a range of as much as 3 cm. Towards the 
inlet side of  the stagnation line, the fluid adjacent to 
the wall moved in a direction opposite to the main 
flow at a much smaller velocity, This recirculating flow 
behind the expanding inlet flow has been observed 
in previous investigations of forced convection at an 
abrupt pipe expansion [18] or backward facing step 
[19]. The flow downstream of  the stagnation line was 
unidirectional toward the exit. The horizontal velocity 
along the side wall appeared to be strongest near the 
exit end. 

For Re~  > 5000, the expanding fluid stream moved 
out of the test section into the exit plenum without 
causing any stagnation on the heated surface. This 
resulted in a backward recirculating flow all along the 
side wall as shown in Fig. 3(a). The velocity of the 
backward flow visually appeared to increase with the 
Reynolds number. At very high flow rates, additional 
small recirculation eddies were formed near the corner 
region adjacent to the entrance. 

For  the exit aperture configuration, the flow pattern 
generally had a structure like that shown in Fig. 3(b). 
It can be seen that a small recirculation zone is present 
right next to the entrance. This type of recirculation 
pattern was also observed by Johnson et aL [16] in a 
previous investigation with an open-ended enclosure. 
The inlet separation may be attributed to the con- 
traction of flow as it enters from the storage tank to 
the test section. The inlet storage tank was about 3.5 
times as wide as the test section. As the test fluid 
entered the test section from the tank, it first con- 
tracted slightly and then expanded to re-attach itselfto 
the surface. The size of the separation region increased 
with the flow rate. In the experiments of Johnson et 
aL [16] it appeared that the separation zone attains a 
maximum length at Re..~ = 6500 and then decreases. 
In the present tests, no significant decrease in the 
separation length was found, perhaps because the flow 
pattern was more complex due to the presence of the 
aperture at the exit. 

The flow, after re-attaching to the surface, moved 
toward the exit and separated again from the wall to 
accommodate the presence of  the restriction at the 
exit, The turning of the flow appeared to happen at 
an earlier location when the flow rate was increased, 
A recirculation region which was larger than the one 
immediately adjacent to the entrance was observed at 
the corner. For  the range of flow rates studied here, a 
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region of  forward moving flow was always found to 
exist between the two separation regions. Compared 
to the inlet aperture configuration, the recirculation 
for the exit aperture configuration was generally much 
smaller in size. 

The flow pattern in the staggered aperture con- 
figuration was found to be something of  a com- 
bination of  the above two flow situations. It is sche- 
matically sketched in Fig. 3(c). The main flow, after 
entering the test section, turned at an angle and tried 
to orient itself to the downstream conditions. In 
the inlet restriction side of  the test section (which 
resembled a half inlet aperture configuration), a stag- 
nation line was found to be present for Re~ < 7000. 
For this condition, the side with the exit restriction 
had a tiny recirculation zone at the entrance and a 
relatively big separation zone at the comer. All the 
recireulation patterns increased in size with the flow 
rate. For Re,m > 7000, the backward moving fluid 
stream encompassed the entire inlet restriction side 
and the stagnation line disappeared. 

The flow patterns described above are characteristic 
of the horizontal flow over most of the central portion 
of  the enclosure. As expected, these patterns break 
down near the top and bottom walls due to the pres- 
ence of  these surfaces. From the flow visualization 
studies, it was also apparent that the presence of  heat 
transfer at the side walls does not strongly affect the 
horizontal flow pattern in the center of  the enclosure. 
The patterns shown in Fig. 3 were observed irres- 
pective of  whether the side wall was heated or not. 
The heat transfer, however, superimposed a boundary 
layer-like flow very close to the vertical side walls. 
This flow appeared to be laminar even though the 
core flow in the enclosure was turbulent. The upward 
moving fluid stream turned away from the surface 
as it approached the ceiling. This turning motion 
appeared to occupy a larger region at a higher surface 
heat flux condition. 

LOCAL HEAT TRANSFER COEFFICIENT 

For each combination of  flow rate and surface heat 
flux, the surface thermocouple readings and measured 
heat flux were used to determine the local heat transfer 
coefficient, h, at each of  the 32 thermocouple 
locations. For each location, the ratio h/h~ was also 
calculated, where h,~ is the local heat transfer 
coefficient for laminar natural convection flow adjac- 
ent to a semi-infinite flat vertical surface at the same 
vertical location and heat flux. The value of  h,~ was 
calculated using the correlation of Fujii and Fujii [20] : 

h.¢ k ( Pr "~,/s 
=x 4+9Pr~S+lOPr) (Ra*~)'/s" (2) 

Hence the amount by which h/h,c exceeds one indi- 
cates the enhancement o f  the local heat transfer 
coefficient due to forced convection effects. 

The measured variation of  h/h~ over the instru- 
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Flo. 4. Measured heat transfer enhancement for the inlet 
aperture configuration (Ra* = 6.28 x 10 N°, Re~ = 2250). 

mented vertical wall of  the test section is plotted in 
Figs. 4--9 for different combinations of flow rate, heat 
flux and aperture orientation. These figures also indi- 
cate the relative location of  the embedded thermo- 
couples on the surface. 

Figure 4 shows the measured variation of  h/h,~ for 
Rein ffi 2250 at a value of  Ra*~ of 6.28 x 10 j° for 
the inlet aperture configuration. At most vertical 
locations, the enhancement is found to increase with 
the horizontal distance up to a peak value at some 
intermediate location and then decrease slowly as the 
exist is approached. This distribution of  heat transfer 
coefficient can be related to the observed flow pattern 
demonstrated in Fig. 3(a). Note that the Reynolds 
number here is below 5000, and consequently a stag- 
nation line is present on the vertical side wall. The 
peak of  the heat transfer coefficient corresponds to 
this stagnation line, where cold fluid from the center 
of  the test section impinges on the side wall. To the 
entrance side of  this stagnation line, the fluid close to 
the wall moves in a direction opposite to the main 
fluid stream, and a boundary layer-like flow structure 
is present with the stagnation line as the leading edge. 
The local heat transfer coefficient consequently 
decreases as the thickness of  this boundary layer 
increases at locations further away from the stag- 
nation line. The decrease of  heat transfer enhancement 
on the exit side of  the stagnation line is a consequence 
of  a similar mechanism of the boundary layer devel- 
opment due to main stream flow. 

It can also be seen that the horizontal variation of  
the heat transfer coefficient at the highest measure- 
ment location on the wall is somewhat different from 
the general trend seen at other locations. The behavior 
of  the flow at this elevation is affected by the presence 
of  the top wall of  the enclosure. In Fig. 4 the maximum 
enhancement is seen to be about 1.8. Therefore, at 
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FIG. 6. Measured heat transfer enhancement for the exit 
aperture configuration (Ra~ -- 3.38 x 10 I°, Re~ = 880). 

R e ~  = 2250, the contribution of  forced convection 
appears to be of a comparable order of magnitude to 
that of natural convection. 

As mentioned before, the flow pattern changes at 
high Reynolds number ( >  5000) and the recireulation 
region then covers the entire heated wail. The dis- 
tribution of the heat transfer coefficient is also altered. 
This can be seen in Fig. 5 where the local heat transfer 
enhancement values are plotted for Re..,, = 8200 for 
the inlet aperture configuration of the enclosure. The 
peak enhancement now occurs near the exit end of  the 
heated wall. This happens because the recireulating 
back flow develops with the leading edge at the exit 
section, and the thickness of  the boundary layer along 
the side wall increases as locations closer to the inlet 
of  the test section are approached. 

In Fig. 5 it can also be noticed that a second peak 
in the heat transfer enhancement occurs at the corner 
region next to the entrance doorway. This can be 
attributed to a small secondary circulation generated 
by the big rccirculating flow covering the rest of  the 
wall. This secondary flow was seen to occur only at 
large flow rates. Comparing Figs. 4 and 5, it can also be 
inferred that, as expected, the magnitude of the heat 
transfer enhancement is a strong function of  Reynolds 
number. It was also found that the Rayleigh number 
has some influence on the enhancement. At the same 
Reynolds number, runs with low Rayleigh numbers 
were found to give a slightly higher enhancement than 
those with a high Rayleigh number. This can be 
explained on the basis of  the interaction between the 
two convective mechanisms. Since the buoyancy- 
induced motion increases with R a * ,  at a high heat 
flux, the flow in most regions of  the wall becomes 
natural convection dominated and the forced flow 
has a relatively weaker effect than it does in weakly 
buoyant flows. 

The distribution of the local heat transfer coefficient 

for the exit aperture configuration is shown in Figs. 
6 and 7. Figure 6 corresponds to a low flow rate 
( R e ~  = 880). It can be seen that the enhancement in 
heat transfer beyond that for natural convection alone 
is small for this condition. In general, for all of the 
opening configurations tested here, for R e ~  values 
below 1500, the flow near the heated surface re- 
sembled pure natural convection laminar flow with 
a superimposed weak horizontal drift. This obser- 
vation is consistent with previous experiments by 
Neiswanger et al. [17] for an enclosure with similar 
restrictions both at the inlet and the exit. The heat 
transfer increases with the horizontal flow rate. This is 
evident from Fig. 7 which corresponds to R e ~  = 8900 
with about the same heat flux on the surface as that 
for Fig. 6. In both cases, it can be noticed that the 
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FIG. 7. Measured heat transfer enhancement for the exit 
aperture configuration (Ra* = 3.68 x 10 t°, Re~ = 8900). 
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FIG. 9. Measured heat transfer enhancement on the exit 
restriction wall for the staggered aperture configuration 

( R a ~  = 3.12× I0 j°, Re..m = 4200). 

wall heat transfer coefficient has two peaks, one at the 
very end of  the test section and another somewhere in 
the middle. The peak at the end is more prominent at 
a lower flow rate. This peak is associated with the 
recirculating flow at the comer region next to the exit 
section, as seen in flow visualization tests. When the 
main flow separates from the surface to accommodate 
the presence of  the exit doorway, this recirculating 
eddy at the comer  is produced, bringing in relatively 
cold fluid from the main stream into contact with 
the hot wall. The second peak is associated with the 
necking phenomenon as the fluid from the storage 
tank enters the test section, as shown in Fig. 3(b). The 
necking tends to increase the flow rate, and the main 
flow contacts the hot side wall at a progressively larger 
horizontal distance from the entrance as the flow rate 
increases. It can be seen that this peak enhancement 
occurs at a location further downstream in the case 
of Re.. , ,  --- 8900 than that for Re. . , ,  = 880. Also, at a 
high flow rate, this first peak is of  a comparable order 
of  magnitude with the second peak seen near the exit 
end of  the test section. 

The local heat transfer enhancement for the case of  
a staggered aperture configuration for a particular set 
of  Reynolds and Rayleigh numbers is plotted in Figs. 
8 and 9 for the two heat transfer walls of  the enclosure. 
The distribution of  heat transfer coefficient in this 
case is somewhat similar to that observed for the 
symmetric doorway configurations. The inlet restric- 
tion wall, which resembles a portion of  the inlet aper- 
ture configuration, has a distribution somewhat com- 
parable to those observed in Figs. 4 and 5. Note that 
the Reynolds number here is 4000 and a stagnation 
line is present on this wall. As evident from the peak 
in heat transfer enhancement, this line is located very 
close to the exit section (at about z / z , ,  = 0.8) as 

opposed to the earlier location seen in Fig. 4. 
Upstream from this line, the heat transfer coefficient 
decreases due to the development of  the boundary 
layer associated with the recirculating flow. However, 
in this case, the heat transfer coefficient downstream 
from this line is almost as high as that for the stag- 
nation location. As discussed before, the location of 
the stagnation line fluctuated over a range of  a few 
centimeters at high flow rates, resulting in a somewhat 
flatter peak in the measured data. Moreover, near the 
exit section, the fluid from the comer region moves 
toward the inlet restriction wall to pass through the 
exit aperture. This fluid stream pushes the boundary 
layer at the inlet restriction wall somewhat closer to 
the wall and reduces its thickness. This also enhances 
the heat transfer coefficient near the exit region. As 
seen in Fig. 9, the heat transfer at the exit restriction 
wall of the enclosure is somewhat similar in behavior 
to that for the exit aperture configuration. Note that 
in this case we also encounter two peaks, one near the 
end of  the test section and the other at an intermediate 
location. 

AVERAGE HEAT TRANSFER COEFFICIENT 
The local heat transfer measurements were used to 

calculate the mean heat transfer coefficient over the 
entire heated surface. The surface was divided into 32 
elements with a surface thermocouple at the center of  
each element. The mean heat transfer coefficient, ~', 
was then calculated as 

1 32 
/~ = E A,h, (3) 

XmZm i -- ! 

where A~ is the area of the ith element and ht the 
measured local heat transfer coefficient at the center 
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of the element. This summation approximates the 
integral average of  h over the entire surface. 

To develop a correlating equation to match h" data 
calculated as described above, it was postulated here 
that the mixed convection heat transfer coefficient is 
given by 

t~ffi (h':c + h'Tc) ':" (4) 

where/~.~ and h'r~ are the mean heat transfer coefficients 
for the natural convection alone at the same heating 
condition and forced convection alone at the same 
flow condition respectively. This type of  superposition 
approach has been successfully used to correlate heat 
transfer data for a wide variety of mixed convection 
flows [21, 22]. At low heat flux and high flow rates the 
flow is expected to be forced convection dominated 
so that h" ~ h'rc. Conversely, at high heat flux and 
low flow rates, the flow is expected to be natural 
convection dominated and h '~  h'~. Between these 
extremes, it is presumed that the overall h can be 
determined from a superposition of the two effects in 
the manner described by equation (4). 

The average heat transfer coefficient due to natural 
convection alone was calculated from the measured 
values of  the local heat transfer coefficient using 
equation (3). As mentioned before, the experimental 
measurements reported here included the natural con- 
vection limit in addition to mixed convection. Conse- 
quently, the values of h',c reported here are actual 
measurements, in contrast to hnc, which were com- 
puted using the heat transfer correlation of  Fujii and 
Fujii [20]. In the limit of very high Reynolds number, 
the flow is expected to approach forced convection, 
with buoyancy effects being negligible. The highest 
Reynolds number used here was only about 9000. 
Therefore, the forced convection heat transfer 
coefficient could not be directly ascertained from the 
experimental data. The approach used here was a 
simultaneous optimization of  the assumed form of 
mixed convection and forced convection correlations. 
The mixed convection correlation used here has 
already been mentioned in equation (4). The forced 
convection was assumed to be of the form 

The assumption of this correlation form is based on 
the commonly used correlation for turbulent forced 
convection boundary layer flow at moderate Prandtl 
numbers, proposed by Kays and Crawford [23]. Here 
the Prandtl number is assumed to have an exponent 
of  0.6. Since the core flow at a high Reynolds number 
appeared to be turbulent and the flow near the wall is 
boundary layer in structure, this flow may have a 
similar Prandtl number dependence as the turbulent 
boundary layer flow. This point, however, was not 
verified by our data since they do not span a wide 
range of  Prandtl numbers. All the data reported here 
correspond to values of  Pr between 5.9 and 7.4. 

Table 1. Constants for heat transfer correlations for different 
aperture configurations (equations (4) and (5)) 

Enclosure geometry n a b 

Inlet aperture configuration 3.7 0.071 0.78 
Exit aperture configuration !.8 0.0006 1.26 
Staggered aperture configuration 3.0 0.072 0.79 

It can be seen that equations (4) and (5) contain 
four unknowns, namely n, h'rc, a and b. The opti- 
mization approach used here was a simultaneous 
linear regression fit on h'rc and minimization of  least 
square error on predicted values of / ; .  The overall 
regression scheme was as follows. First, a value of  n 
was guessed. Then, equation (4) was used to calculate 
a set of  h'rc from measured values of h" and h',¢. Next, 
these/~fc and measured values of Re~ were used to 
determine a and b values which minimized the error 
in/~r~ in the least square sense. Equations (4) and (5) 
were used to compute corresponding predicted values 
of ,q. The errors in the prediction of  h" were then 
calculated for each data point. The value of n which 
resulted in the minimum total squared error for all 
the data points was chosen for the correlation. The 
values of n, a and b for the different enclosure con- 
figurations tested here are listed in Table 1. 

The experimentally determined h" values for the 
heated side walls of the enclosure are compared with 
the corresponding proposed correlations in Figs. 10- 
12 for the three different opening configurations. It 
can be seen that the overall agreement between the 
measured data and the correlations is quite good. 
However, at low values of h'rJh',c, when the flow vel- 
ocity is small, the data are seen to deviate somewhat 
from the correlations. The correlations underestimate 
heat transfer in such situations. Also, the difference 
between the prediction and experimental data is some- 
what larger in magnitude for the inlet aperture con- 
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FIG. lO. Comparison of experimental mean heat transfer 
coefficients with the proposed correlation for the inlet aper- 

ture configuration. 
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FIG. I I. Comparison of experimental mean heat transfer 
coefficients with the proposed correlation for the exit aper- 

ture configuration. 

figuration. It may be recalled here that when a restric- 
tion is present at the entrance section of the enclosure, 
the side wall next to that restriction usually has a 
stagnation line where cold fluid from the core 
impinges on the hot wall. This stagnation is present 
at low flow rates and disappears when the flow velocity 
is sufficiently increased. 

In the case of the inlet aperture configuration, the 
inlet restriction is present next to both side walls and 
therefore this geometry has the highest stagnation 
effect at low flow rates. Note also that the simple 
correlation proposed here expresses mixed convection 
heat transfer as a function of  forced and natural con- 
vection heat transfer coefficients. In both these limit- 
ing cases, no phenomenon such as impingement of  
fluid on the surface is present. Consequently, the cor- 
relation cannot directly account for the stagnation 
line phenomena in the flows. Since the physics of the 
flow impingement and the resulting enhancement of  
heat transfer are not well understood at the present 
time, we have elected to use the simple correlation 

form proposed here, keeping in mind its limitations. 
Moreover, the difference in magnitude between the 
present data and the correlation are small and fall 
within the uncertainty limit of  the experiment. 

It can be seen in Figs. 10-12 that, as expected, the 
data approach the natural convection limit (h-/h'~ = 1) 
a t  small values of F, and the forced convection limit 
(h-/h-,~ = F) at large values of  F. It is possible, there- 
fore, to distinguish between the natural, mixed and 
forced convection regimes by comparing the cor- 
relation predictions of  h-/h'~ with these limits. The 
natural convection regime was arbitrarily taken to 
correspond to conditions for which h" is within 5% of  
its value for natural convection alone at the specified 
heat flux. Since this implies that 1.0 < h-/h'nc < 1.05, 
the value of F which corresponds to the natural to 
mixed convection boundary can be calculated using 
equation (4). In a similar way, the forced convection 
regime was taken to correspond to conditions where 
h'is within 5% of its value for purely forced convection 
flow at the same flow rate. This boundary between 
mixed and forced convection regimes can be solved by 
simultaneously solving equation (4) and the relation 
h-/h-.~ = 1.05F. Mixed convection exists between these 
two transition boundaries. The flow regime map along 
with the transition lines are graphically represented in 
Figs. 13-15 for the different aperture configurations 
tested here. The data points indicate all the com- 
binations of Re=m and Ra~ for which experiments 
were done in the present study. It may be noticed that 
at the same flow rate and heat flux conditions, the 
flow regime encountered may be different for different 
opening configurations. This indicates that the flow 
inside a partial enclosure may be quite sensitive to 
inlet and exit geometry, and the design of  doorways 
may have a crucial impact on the heat transfer from 
the walls in a building. 

CONCLUSIONS 

Orthogonal mixed convection flow in a partial 
enclosure with different inlet and exit aperture con- 
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FI(:;. 12. Comparison of  experimental mean heat transfer 
coe~cients with the proposed correlation for the staggered 

aperture configuration. 
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figurations has been investigated. Experiments were 
conducted at high Rayleigh numbers and low to mod- 
erate Reynolds numbers with uniformly heated side 
walls and adiabatic top and bottom walls. The flow 
inside the enclosure was found to depend on the aper- 
ture configuration and the flow rate of the incoming 
fluid. The local heat transfer from the vertical side 
wall was found to be intimately related to the flow 
structure next to the wail, where a buoyancy driven 
upward motion interacted with the direct or recirculat- 
ing horizontal flow. 

For the inlet aperture configuration, at Re.,, 
< 5000, the flow impinges on the vertical side walls 
forming a stagnation line on each wall. The heat 
transfer coefficient is highest at this stagnation lo- 
cation. Upstream from this stagnation line, the flow 
close to the vertical wall moves in a direction opposite 
to the main flow developing a boundary layer-like 
flow structure. Downstream from this stagnation line, 
another boundary layer-like flow develops due to the 
main stream fluid flow. The heat transfer coefficient 
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FIG. 15. Flow regime map for the staggered aperture con- 
figuration. 

at this condition decreases in both directions from the 
stagnation line. At Re..,, > 5000, the incoming fluid 
velocity is so high that the expanding flow goes out of  
the test section before impinging on the hot side walls. 
A recirculating back flow encompasses the entire wall 
in such a situation. The heat transfer enhancement is 
found to be highest at the exit region and gradually 
decreases toward the entrance. At a very high flow 
rate, a small secondary flow is found at the corner 
region next to the entrance. This also enhances the 
heat transfer coefficient to some extent at the corner. 

In the case of  the exit aperture configuration, the 
recirculating flow is found to be absent in the inter- 
mediate region of the enclosure. A recirculating cell 
appears at the corner region prior to the exit opening. 
This is formed due to the turning of  the main flow 
away from the wall to accommodate the presence of  
the aperture. In this region, the heat transfer is found 
to be high due to entrainment of  the cold fluid by 
the recirculating flow and impingement of  it on the 
surface. The heat transfer at the entrance region of 
the enclosure is dictated by necking of  the flow as it 
enters from the storage tank to the test section. The 
reattachment of  the flow after necking also results in 
a relatively larger heat transfer coefficient. 

In the case of a staggered aperture configuration, 
the flow pattern and the corresponding distribution 
of the local heat transfer coefficient were found to be 
something of a combination of those for the inlet and 
exit aperture geometries. The staggered orientation of  
the openings causes the main flow to move at an angle 
while passing through the test section. A stagnation 
line was found to be present on one of the side walls 
(inlet aperture wall) when the flow rate corresponded 
to Re.m < 7000. 

The measured local heat transfer coefficients were 
also used to calculate the mean heat transfer co- 
efficient for each combination of  heat flux and flow 
conditions. A simple correlating equation was 
developed for each enclosure geometry, which agreed 
favorably with the measurements. The limitations of 
these correlations were explored. A map for predicting 
the flow regime was developed for each enclosure 
aperture configuration. In these maps, the flow was 
identified as mixed convection when the average heat 
transfer coefficient deviated by more than 5% from 
natural convection with the same heat flux and from 
forced convection with the same flow rate. The results 
of this study provide new insight into the manner in 
which geometry variations affect flow behavior and 
heat transfer mechanisms for orthogonal mixed con- 
vection. However, because the transport exhibits a 
strong geometry dependence, the conclusions derived 
here regarding the flow and heat transfer coefficient 
may be applicable only to similar geometries and flow 
conditions. 
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ETUDE EXPERIMENTALE DE LA CONVECTION MIXTE ORTHOGONALE DANS UNE 
CAVITE PARTIELLE 

R~um~--On pr~sente des mesures des coefficients locaux de transfert thermique et des r~sultats de visu- 
alisation d'~oulement pour la convection mixte orthogonale dans une cavit6 partielle ayant des parois 
latrrales uniform~ment chauffres et les parois sup~rieure et inf~rieure adiabatiques. Dans cette &ude on 
utilise de l'eau comme fluide darts une petite cellule avec diff~rentes configurations d'entr~ et de sortie. 
Les conditions sont choisies pour simuler un nombre de Rayleigh 61ev~ (10~°-10 j.) et un nombre de 
Reynolds faible ou mod~r6 (0-9000) comme clans les applications de la thermique du batiment. Quand le 
d~bit ~i travers la cavit6 augmente, l'exc~s de transfert thermique par rapport a la convection naturelle seule 
augraente aussi. L'accroissement local est parfois, dens certaines situations, multipli6 par 7. La variation 
du coefficient local de transfert sur la surface chauff'ee est fortement affectre par des zones de recirculation 
de l'rcoulement forc~ dens la cavit6 et anssi par des ~couicments d'impact ou de srparation clans certaines 
r~gions des patois iat~rales. Des coefficients de transfert moyens sont donnrs pour ies parois lat~rales. Lc 
plus fort accroissement moyen est de 2,6 pour Ra = 1,6 × 10 L° et Re -- 8740 avec une orientation dc~cal~e 
des ouvertures d'entr~e et de sortie. On propose aussi des formules pour le coefficient moyen de transfert 

et une carte de rrgime d'~oulement pour diffrrentes g~omrtries. 
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EXPERIMENTELLE UNTERSUCHUNG DER ORTHOGONALEN MISCHKONVEKTION 
IN EINEM TEILWEISE GESCHLOSSENEN HOHLRAUM 

Zusammenfassang~Es werden die Ergebnisse yon W.~rmefibergangsmessungen und einer Sichtbarmachung 
der Str6mung ffir orthogonale Mischkonvektion in einem teilweise geschlossenen Hohlraum vorgestellt. 
Die Seitenwinde sind dabei gleichf6rmig beheizt, die obere und untere Abdeckung adiabat. Als Ver- 
suchsstoff wird Wasser verwendet, die Versuchskammer ist verhiltnisn~l)ig klein und wird mit unter- 
schiedlichen Einla~- und Auslal~bedingungcn betrieben. Die Str6mungs- und Beheizungsbedingungen 
werden so gew~hlt, dab hohe Rayleigh-Zahlen (10'°-10 ")  und kleine his mittlere Reynolds-Zahlen (0- 
9000) erreicht werden. Diese Bereicbe sind typisch fur den W~rmefibergang in Geb.~uden. Bei zunehmender 
Str6mungsgeschwindigkeit nimmt auch die Verbesserung des W.~rmefibergangs fiber denjenigen bei reiner 
natfirlicber Konvektion zu. In manchen Str6mungssituationen erreicht die 6rtlicbe Erh6hung den Faktor 
7. Es zeigt sich, dab die Ver~nderung der 6rtlichen W~rmefibergangskoeff~zienten an der Heizfl~che stark 
yon Rfickstr6mungen in der erzwungenen Hauptstr6mung in dem Hohlraum beeinfiuBt wird. Starke 
Auswirkungen hat auch das Auftreffen der Str6mung auf die Seitenw~nde oder die Abl6sung der StrOmung 
an diesen W,~nden. Es werden mittlere W~rmefibergangskoeff~zienten ffr die Seitenw~,nde vorgestellt, die 
durch eine Mittelwertbitdung aus gemessenen 6rtlichen Werten fiber die Heizfi.~che bestimmt wurden. Der 
gr613te Erh6hungsfaktor ffr die Mittelwerte betr~gt 2,6, bei Ra = 1,6 x i0 '° und Re = 8740 ffr nicht- 
fluchtende Anordnung yon Einlal~ und AuslaB6ffnung. SchlieBlich wird eine Korrelation ffir den mittleren 
W~rmefibergangskoeff~zienten vorgeschlagen und eine Karte der Str6mungsformen ffir unterschiedliche 

Hohlraumgeometrien. 

~KCrlEPHMEHTAJIbHbIE 143MEPEHI~ OPTOFOHA31bHOIgl CMEmAHHOR 
KOHBEKI.~H B q A C T H q H O  3AMKHYTOI~/ I'[O.r[OCTH 

~ n a c ~ m o T ~  m , ~ e p e m  JzozaJamMx z o ~ n m l e m o .  T~Lrmu~exoca x p e 3 y ~ T a ~  3~¢- 
Heplo4¢lrro-, no nx3yaJl3a~ml ~ ~ opl-oromu/~ao# Cl~nnwqOR xommmJm B ~ o  3aMx- 
w / r o i  uo~ocTa C p~oponMo m u ' p e s a e ~ . ~  6 o x o ~  x a j m a 6 a T w l ~  sepx~t l  x ..~d/cR 

Om.rm bposoana~1, . ~=nmpm4ea, raa~aoM Mo~ae Mnaoro MacmTaGa c 
z o u ~ ~  ~ x C T o n  X xcuo.m,3oxaxx~ soma n nqecTse pa6oqeil x]ujcoc'm. Yc.~on~ 
T ~ e m ~  x mu-peM sla6apL.m~ n u  ~o~r..mq)osamu s~:o]mx 3Ha.lemnl ~ P ~ e l  (10t°--10H). a 

mmmx x yMepemu~ ~ m a . ~  .mcaa PehoJu .~a  (0-9000). xaparrep~u~x ~ n p ~ o x e m d i ,  
c rpo i r re . ,~o# Ten. ,o~mue.  C pocroM c lopocrs  npor .a~x  ~ uo~ocn. ,m'm,~a(I)muuu~ ~n.~oo'r- 
~ u l l  nO ¢p~HCll]UO CO ~ qHCl"O CsO60~[HOil zoP.sex~-- Tal~e HapacTaeT. ~ X  I le lcoTop~ 
ycJmnd ~ e ~ n  J m u m m ~ l  xennoaepesoc ycwmau~-~s no 7 l ~ .  H~lue~o, ~rro sa ~3~ese~me n o n -  
~ o r o  xo~l~mmesTs Teaaooraa~u~ ssa ssrperol l  uosepxsoc-rs~o c~nu~noe SUULu~e om~ma~o~  
p e m ~ p s y a ~  n nCSoTop~x o6nacrsx nbmy~wsaoro ~ nayrpx no~OCTa, a ~ nTe[am~e 
UOTOU ~a 6o.rony~ creme/mm ~ o r  x ~  s m~co'ropi,~x o 6 a a c r ~  r lpeacTasae~ Taupe c p e ~ e  
z o ~ m m e ~ r n ~  ~ o o r ~ s ~  ann 6o [os~x  c'resoz, Onl~eaeaes~e M~TOaOM ~ H3M~DI~[X 
nolm~,m,lx 31mqelfldl Te~InOOT~,a~ ~ llarpe'roJi nosepXHOCTMO. B ¢pe~HeM imuu~a.mi,Ha.~ I~TeHCX- 
~ a n , , ~  upouecca ~ccrm-aeT 2,6 npx Ra = 1,6 x l 0  t °  x R e  = 8 7 4 0  s c n y ~  max~Taoro  pacuonoxe. 
m~s OTSepCT~ sxoas x s~xoan, l " [ p e ~ o x c ~  COOTSOmesnn a ~  cpea~ro  zo~xbmmem~ 

Ten.~OOT~a*m, a Ta[xe ~apT~a Te~em~ npx pa~nmm~ reOMeTpux nonocT~. 


