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ABSTRACT

. Heat transfer by natural convection in a two-dimensional rectangular enclo-

sure fitted with partial vertical divisions is investigated experimentally.
The horizontal walls of the enclosure are adiabatic while the vertical
walls are maintained at different temperatures. The experiments are car-
rifa out with water, EI 3.5, for Rayleigh numbers in the range, 2.3 x
10*Y < Ra; < 1.1 x 10°*, and an aspect ratio, A = H/L = 1/2. The effect of
the partial vertical divisions on the fluid flow and temperature fields is
investigated by dye-injection flow visualization and by thermocouple
probes, respectively. The effect of the partitions on the heat transfer
across the enclosure 1is also studied and correlations for the Nusselt

number as a function of Ra, and partition Tength are generated for both
conducting and non-conducting partition materials. Partial divisions are
found to have a significant effect on the heat transfer, especially when
the divisions are adiabatic. The results also indicate that the partial
divisions may have a stabilizing effect on the laminar-transitional flow on
the heated vertical walls of the enclosure.

INTRODUCTION

Natural convection heat transfer in rectangu-
lar enclosures is of great importance in
determining the energy transfer within build-
ings, especially those incorporating passive
solar design features. This configuration has
been studied extensively, e.g., 11-19, 25],
but only for limited ranges of the Rayleigh
number. The effect of a partial obstruction
extending downward from the enclosure ceiling
is also of importance but has réceived little
attention (cf. Duxbury [20], Bauman, et al.

[17], Lloyd, et al. [21, 221, Janikowski, et’

al. .[23], and Emery [24]). This geometry
corresponds roughly, for example, to a ceil-
ing beam or soffit. The experimental inves-
tigation of Duxbury [20] was carried out in
rectangular enclosures of aspect ratios (cf.
Fig. 1), 5/8 < A-=H/L < 5, partially divided
by vertical heat conducting partitions using

*This work was supported by the Assistant
Secretary for Conservation and Renewable En-
ergy, Office of Solar Heat Technologies,
Passive and Hybrid Solar Energy Division, of
the U.S.Department of Energy under contract
No. DE-AC03-76SF00098.

.j.
Department of Mechanical Engineering,
University of California, Berkeley, Califor-
nia, 94720.

air as the working fJuid, for Rayleigh
numbers approaching 10°. The driving force
in Duxbury's experiment was the imposed tem-
perature difference between the two vertical
sidewalls of the enclosure. The experiments
and numerical calculations of Lloyd, et al.
[21,22] were motivated by fire studies and
there the flow was driven by methane combus-
tion and by surface or volumetric heat
sources. The experimental and numerical
study of Bauman, et al. [17] was motivated by .
studies of heat transfer within buildings and
focused on the undivided enclosure although
some results are also presented for a par-
tially divided enclosure. The study of Bau-:
man, et al. {17] was carried out in water in
a partially divided rectangular enclasure of
aspect ratio, A = 1/2 and Ra_ ~ 10°". Jani-
kowski, et al. [23] experimentally investi-
gated the temperature and flow fields inside
a rectangular enclosure partially divided by
solid and porous vertical divisions extending
upward from the floor and downward from the
ceiling simultaneously. Emery [24], on the
other hand, studied the heat transfer and
temperature field in a rectangular enclosure
fitted with a vertical partial division
extending from the center of the enclosure
downward toward the floor and upward toward

the ceiling. It appears, however, that there

has not been any thorough investigation of
the role played by partial vertical divisions
at the higB va]ufé of the Rayleigh number
(Ra; ~ 10" - 10*¢) that are commonly encoun-
tered.



The primary goal of this study 1s to develop,
through careful experiments, an understanding
of the convective heat transfer processes and
fluid flow occurring in the two-dimensional,
partially divided enclosure (cf. Fig. 1) at
Rayleigh numbers representative of large-
scale applications. An immediate application
is 1in convection -analyses in passive solar
heated buildings. The experiment is carried
out in a rectangular enclosure of aspect
ratio, A = H/L = 1/2, with isothermal verti-
cal sidewalls and insulated horizontal floor
and ceiling. The enclosure 1is fitted with
either thermally conducting or non-conducting
vertical partitions of various lengths (aper-
ture ratios, A, = h/H =1 [no partition],
3/4, 1/2 and 1/4Pare investigated). Experi-
ments are carried out with water (3 < Pr <
4.3) as the working f1u18 at Rayleigh numbes
over the range 2.3 x 107~ < Ra; < 1.1 x 10°%.

It is emphasized that over this Rayleigh
number range the results without the parti-
tion are also new. Power law correlations
are obtained, giving the dependence of the
Nusselt number on aperture ratio, Rayleigh
number, and partition conductance. Tempera-
ture profiles are also obtained within the
enclosure with thermocouple probes and the
basic flow structure is noted by using dye-
injection flow visualization. Distinct
differences are found between the flow pat-
tern observed in these experiments and those
observed in the lower Ra, and lower Pr exper-
iments of Duxbury. ATso, the presence of
Taminar-transitional flow for A_ = 1 (no par-
tition) and the suppression of RBransition for

Ap < 1 are discussed.

EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus consisted basi-
cally of a rectangular enclosure of height, H
= 15.2 cm, width, L = 30.5 cm (aspect ratio,
A. = H/L = 1/2) and breadth, B = 83.8 cm.
This system is similar to the one used by
Bauman, . et al. [17]. The heated and cooled
vertical walls were made from plates of
copper, 4.8 mm thick, and aluminum, 15.9 mm
thick, respectively, while the floor, ceil-
ing, and endwalls of the enclosure were
f?bricated from clear, 1.27 cm thick plexi-
glas.

The copper hot wall was heated electrically
with 18 Minco "Thermofoil" resistance
heaters. These were arranged in three verti-
cal columns of six heaters each, cf., Fig. 2.
In order to 1limit temperature variations
along the hot wall in the vertical direction,
each pair of heaters in a given column was
supplied by a separate 120V/240V AC power
supply. In this way, hot wall temperature
deviations from the average hot wall tempera-
ture were kept to within about 10 percent of
the overall temperature difference across the
enclosure (T, - T.). :
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The aluminum cold wall was cooled by passing
tap water through two rectangular channels
which were machined into the aluminum cold
plate, traversing the full breadth of the
enclosure seven times. It was found that
temperature variations along the cold wall
could be kept below about 10 percent of the
temperature difference (T, - T.) by using a
sufficiently high cooling water flow rate.
Two streams entered the aluminum manifold
near the top of the cold wall and were
extracted near the bottom; cf., Fig. 2.

Joints between the copper and aluminum verti-
cal walls and plexiglas floor were sealed
with a 1.6 mm thick cork gasket to minimize
conduction between the vertical surfaces and
the floor. The ceiling was removable and was
thermally 1isolated from the hot and cold
walls by a small air gap, cf., Fig. 2.

Partial vertical divisions of lengths 0, 3.8,
7.6 and 11.4 cm extended downward from the
center of the enclosure ceiling. The
corresponding aperture ratios are A, = h/H =
1, 3/4, 1/2, and 1/4, respectively. "A11 the
partitions were 9.5 mm thick and traversed
the full breadth of the enclosure in order to
achieve, as nearly as possible, a two-
dimensional system. Partitions which are
effectively ,perfectly conducting are charac-
terized by small temperature differences
across the partition in comparison with the
temperature difference (T, - T.) while effec-
tively adiabatic partitions are characterized
by negligible conduction heat transfer
through the partition in comparison with the
total energy transfer across the enclosure.
A non-dimensional partition conductance is
defined by

ks = (kp/K) (L/AX) N,

where Ax is the partition thickness. The
criterion for a perfectly conducting parti-
tion is kp >> 1; for an adiabatic partition
k, << 1. "In this experiment, the highly con-
dﬂcting partitions were fabricated from slabs
of aluminum with k_ > 50. The adiabatic par-
titions were made ?rom polystyrene foam clad
with 0.1 mm stainless steel sheets with k*

<
0.02. P

To reduce energy losses to the surroundings,
the entire apparatus was enclosed in a shell
of polyurethane foam insulation, whose outer
surface was covered with aluminum foil to
reduce radiative losses.

The local. surface temperatures of the hot and
cold walls were determined with 30 gauge,
copper-constantan thermocouples inserted - in
small holes which had been drilled horizon-
tally into the hot and cold walls to a dis-
tance less than 1 mm from the inside (wet)
surfaces of the hot and cold plates. Seven-
teen of these thermocouples were spread uni-
formly over each of the hot and cold walls.

'\"'\ .’";
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The temperatures of the unheated surfaces
(plexiglas floor and ceiling) were obtained
from 50 gauge (0.025 mm  diameter),
unsheathed, chromel-constantan thermocouples
which were cemented to the plexiglas surfaces
with a fine coating of polyurethane lacquer.
The fine thermocouple wires ran perpendicular
to the plane of Fig. 2 along the floor and
cefling. The thermocouple beads were located
halfway between the two plexiglas endwalls at
the positions x/L = 1/4, 1/2, and 3/4. The
very small diameter and the placement of the
wires perpendicular to the plane of two-
dimensionality minimized disturbance to the
flow 'and axial conduction effects. The tem-
perature at the lower edge of the partition,
y = h, was measured with a fine, stainless
steel sheathed, chromel-constantan thermocou-
ple probe with an overall diameter of 0.25
mm. This sheathed thermocouple was also run
perpendicular to the plane of Fig. 2, along
the lower edge of the partition.

Local fluid temperatures within the enclosure
were measured with thermocouple probe assem-
blies. Two fine, grounded junction,
stainless-sheathed thermocouple probes (0.25
mm diameter) were passed down through and out
of a 1.6 mm diameter stainless steel support
tube, which was inserted vertically into the
enclosure, from the enclosure ceiling. The
probe junctions were located about 6.5 cm
from the larger support tube to minimize
measurement errors due to the presence of the
larger tube. Again, these fine probes were
directed perpendicular to the plane of Fig. 2
to minimize heat conduction along the probe
shafts. Three of these assemblies were used
for measuring fluid temperature at the posi-
tions x/L = 1/4, 1/2 and "3/4. Observations
made during experiments both with and without
the probes in place, revealed no detectable
changes in the flow or the overall heat
transfer rate. Comparison of some of the
thermocouples  (both copper-constantan and
chromel-constantan) with a precision
mercury-in-glass thermometer showed that the
standard calibration was adequate, with a
maximum error of about +1°C.

Energy input at the hot wall was measured
with three single-element, electro
dynamometer-type wattmeters, one for each
power circuit, with accuracies of +1%. As a
check on energy losses to the ambient, the
heat transfer rate at the cold wall was meas-
ured and compared to the power input at the
hot wall. Cooling water temperature entering
and leaving the cold wall cooling manifold
was measured with glass bead thermistors with
a calibrated accuracy of +0.05°C.

The procedure used in all of the experimental
runs is as follows. The three heater circuits
were used to heat the water to near-boiling
temperature with the enclosure open to the
atmosphere. Two to three hours at this tem-
perature resulted in much of the dissolved
gases being driven off. After the enclosure
ceiling was inserted, the hot wall resistance
heater power 1inputs were set and cooling
water flow commenced. For the next four to

five hours, adjustments were made in the
relative power input to the three heater cir-
cuits to secure a reasonably isothermal con-
dition on the hot wall. The cooling water
flow rate was adjusted to 1limit temperature
variations on the cold wall, while still pro-
viding a moderate cooling water temperature
increase (approximately 10°C). The wall tem-
peratures T, and T. were taken as the average
of the 17 temperatures measured on each of
the hot and cold walls. Temperature varia-
tions from the mean wall temperature on the
hot and cold walls seldom exceeded 10 percent
of the overall temperature difference across
the enclosure, while the average deviation
from the mean wall temperature was roughly 3%
of (T, - T.). There appeared to be no pre-
ferren direction for the wall temperature
variation and observed 1local wall tempera-
tures were very steady. The system was then
allowed to equilibrate for an additional six
hours. This extended beyond normal working
hours in the laboratory so that perturbations
in line voltage, cooling water flow rate, and
temperature were minimized.

The establishment of steady state conditions
within the enclosure was a primary concern in
the experimental procedure. Before any data
were recorded, both cooling water inlet and
exit temperature were carefully checked to
ensure that steady state conditions had been
attained. This procedure was also repeated

after the wall temperatures and fluid tem-

peratures had been recorded. A sensitive
check on the existence of steady state was
provided by comparing the energy entering the
enclosure at the hot wall, Q,, to that leav-
ing at the cold wall, Q.. For all the exper-
imental runs included in this study, these
two rates of energy transfer differed by less
than 8 percent and in the great majority of
the cases, the difference was less than §
percent. These small fractional heat losses
are a consequence of the large energy
transfer rates occurring across the enclosure
when water is the working fluid. For the
total heat transfer across the enclosure, Q
(required in determining the Nusselt number),
the average of the heat transfer rates meas-
ured at the hot and cold walls was used,
i.e., Q= (Qh + QC)/Z. Transport and thermo-
dynamic properties for water were taken to be
those at the reference temperature, T, =

(T, + T.)/2.

During many of the tests, an 1indication of
the flow pattern within the enclosure was
obtained by injecting dye into the flow.
Roughly 0.5 cc of a dark blue dye was
injected with a hypodermic syringe at the
upper right-hand corner of the enclosure,
midway between the two plexiglas endwalls.
Observation of the subsequent dye motion was
made through one of the endwalls and was
enhanced by a white backdrop at the opposite
endwall. . The enclosure interior was
illuminated by a photographic lamp mounted
between the observer and the endwall observa-
tion window. The dye was injected and the
dye front was allowed to progress a large
distance from the point of injection before

1"



observations were made.

RESULTS AND DISCUSSION

The laminar flow pattern observed in experi-
ments for A_ < 1 is shown in Fig. 3. In gen-
eral, for aperture ratios less than unity,
i.e., when a partition was present, the flow
comprised three relatively distinct regions:
(1) a peripheral, Taminar boundary layer-type
flow; (2) a Tow velocity, relatively inactive
core region; and (3) a region of weak, clock-
wise recirculation in the upper Tleft-hand
quadrant of the enclosure. The peripheral
flow was composed of thin, high velocity
boundary Tlayers on the vertical surfaces and
Tower velocity, thicker layers (about 1 cm
thickness) on the unheated horizontal sur-
faces. The boundary layer on the hot wall
did not extend over the entire surface
because most of the flow separated from the
hot wall at approximately y = h and then pro-
ceeded across the enclosure horizontally, in
a thin, high velocity Tayer until reaching
the 1lower edge of the partition. Then,
apparently without separating from the parti-
tion, the flow turned upward along the cool
side of the partition, finally separating at
a distance of one or two centimeters from the
ceiling.- In this region, the flow was
observed to be somewhat unsteady, but the
unsteadiness gradually disappeared as the
fluid proceeded toward the top of the cold
wall. The small amount of dye which entered
the upper left quadrant of the enclosure
allowed observation of the slowly recirculat-
ing flow there. The fraction of the flow
entering this region was larger for conduct-
ing than for non-conducting partitions. The
strength of the recirculating flow was also
strongly dependent on the thermal boundary
condition at the partition. Conducting par-
titions resulted in weak recirculation, while
adiabatic partitions yielded either very weak
or virtually no recirculation in that region.
It is noted that in experiments with no par-
tition (aperture ratio of unity) the recircu-
Tating region vanished, leaving only a large
inactive central core and a peripheral boun-
dary layer flow. It is very possible that
interaction of the observed clockwise recir-
culating flow in the upper left hand quadrant
and the high velocity layer aty = h could
have resulted in a multi-layer velocity pro-
file in this region as in [21] via two
counter-rotating vortices arranged verti-
cally. However, in the vicinity of y = h
there was rather severe optical distortion
due to the gradient in refractive index and
the presumed lower, counterclockwise rotating
vortex was not observed.

The flow pattern observed in the present high
Ra, experiments differed substantially from
thé flow pattern reported by Duxbury [20] 1in
his partially,_ divided enclosure with Ra

approaching 10° and air (Pr = 0.7} as the
working fluid. The flow visualization exper-
iments of Duxbury show no distinct recircu-
lating region and also 1littlie or no flow
separation from the hot wall, two very prom-

inent features of the high Raj experiments

carried out in this study. Duxbury's experi-
ments indicate some flow separation at the
lower edge of the partition on the cool side.
This may be due to the fact that in Duxbury's
{lower Ra; ) experiments, the flow attempts to
make a 180° turn as it passes the lower edge
of the partition. Recall that in the high
Ra, experiments of this study, the flow only
turns through an angle of about 90°, because
the main flow does not penetrate into the
upper left quadrant of the enclosure. In
general, the results of Duxbury indicate a
much smaller inactive core region with
thicker boundary layers.

From the flow visualization experiments, it
was concluded that fully developed turbulent
flow did not exist anywhere within the enclo-
surf, even for Rayleigh numbers as high as
10**. However, travelling wave-1ike motions,
referred to by Elder [4] as "wall waves" were
very prominent on both the heated and cooled
vertical surfaces with no partition (A, = 1).
These waves, the first hint of trans?tiona]
flow, developed at y/H = 1/3, and y/H = 2/3
on the hot and cold walls, respectively, and
travelled 1in the same direction as the mean
boundary layer flow. The waves, originally
two-dimensional, travelled in a regular pat-
tern up the hot wall and down the cold wall.
Gradually, they developed three-dimensional
characteristics and finally broke up very
near the upper left and Tlower right-hand
corners of the enclosure, so that a wave pat-
tern could no longer be distinguished. In
the experiments of Elder, with water in
enclosures of aspect ratio, 10 < A< 30 (A=
H/L), the breaking up of the wall waves was
accompanied by an intense wall layer-central
core interaction. In the present experiments
with A =1/2, very little, if any, interac-
tion was observed. Perhaps the absence of
this. phenomenon was due to the greater
suppression of the interior flow by the hor-
izontal walls for A = 1/2. In the experi-
ments with aperture ratio (A ) less than
unity (partial division presgnt), the wall
waves were indeed found to be significantly
suppressed on both the hot and cold walls and
completely absent on the hot wall for y > h.

A plot of the measured vertical temperature

. profile at x/L = 1/2 for the case A, = 1,

i.e., no partition, is shown in Fig. 4.p This
profile exhibits the substantially linear,
stable stratification in the enclosure core
region which 1s a well-known characteristic
of the boundary layer regime; see for example
[2 and 16]. There is some asymmetry about the
position y/H = 1/2 which is probably due to
the temperature dependence of the thermo-
dynamic and transport properties of water.
The dashed curve in Fig. 4 is the result of
an approximate calculation of the core tem-
erature distribution due to Raithby, et al.
E14] for enclosures of aspect ratio, A > 5,
filled with a constant property fluid; that
is,
Ap = Ac, where the property group,

ns £ oz a3, (1)
p

.
'R.



‘the average hot wall

Because the mid-cavity temperature gradient,
BL(T-TI/{Ty-T )1/ aly/H), at x =1L/2,y=
H/2, was measured to be 0.59, the Prandtl
number-dependent parameter, n, of reference
{14] was given a numerical value of 3.0 in
generating the curves of Fig. 4, as suggested
by Raithby, et al. [14]. The solid curve 1in
Fig. 4 represents the result for the core
temperature from [14] for A /A. = 1.8 which
corresponds to the actual wa?l temperatures
(T, = 72%, T, = 250C) for the plotted data.
Bo%h core temperature predictions yield rea-
sonably good estimates of the measured core
temperature, the variable property calcula-
tion giving slightly better agreement.
Apparently, the calculation technique of
Raithby, et al. may be applied with some con-
fidence even somewhat beyond its supposed
range of validity (A > 5).

Vertical temperature profiles at the posi-
tions x/L = 1/4, 1/2, and 3/4 are plotted in
Figs. 5, 6, and 7, respectively for the case
of k* << 1 (adiabatic partitions). Al1l the
data ¥n trsse figures Yfre taken in the Ra

range, 10 j_RaL < 10**. Over this range i

was found that™ for fixed A the non-
dimensional temperature profi?es are virtu-
ally independent of the Rayleigh number. It
should be pointed out. that no attempt was
made to measure the temperature distribution
in. the thin boundary layers adjacent to the
enclosure floor and ceiling. Detailed numer-
ical computations for the case, A =1, have
shown that for large Ra; the tempe?ature gra-
dient at the adiabat%c surfaces approaches
zero only in a very small region near the
surface; see for example [9]. Measurements
were not made in this region and therefore
the data often exhibit an apparent non-zero

gradient at y/H = 0 and 1. Note also that for

aperture ratios of 3/4 and 1/2 the tempera-
ture profiles at each x position are very
close to the profiles measured with no par-
tial division (A, = 1) for values of y/H <
A.. This indicBtes that for aperture ratios
ag least as small as 1/2, the temperature
field in the lower two quadrants of the par-
tially divided enclosure 1s substantially
unaffected by the partial division. However,
for A, = 1/4 the partial division apparently
has the effect of causing a small temperature
decrease for y/H < Ap.

The profiles measured at x/L = 1/4 (cf. Fig.
5) exhibit a small region near y/H = A_,
where the temperature increases rapidly Bo
temperature, Th. The
temperature then remains very nearly constant
for elevations greater than y = h. It was in
this region of 1large temperature gradient
that small temperature fluctuations, of the
order of 0.25°C, were detected during the
experiments. However, the time scale of the
fluctuations could not be properly investi-
gated due to the long response time of the
measurement system. The finite temperature
gradient at y = H in Fig. 5 is probably indi-
cative of a small conduction heat loss
through the enclosure ceiling since very 1lit-
tle or no convection occurs in this region.
Also, note in Fig. 5 that the temperature in

the upper left quadrant slightly exceeds the
average hot wall temperature, T,. The pro-
files measured at x/L = 1/2 (in the aperture
plane), Fig. 6, show a very rapid temperature
increase in the region close to y/H = A,. It
is again emphasized (referring to F?g. 6)
that the partial division seems to have 1it-
tle effect on the temperature below y= h
except for aperture ratios approaching 1/4.
The effect of the partial divisions at x/L =
3/4 (Fig. 7) is to decrease the temperature
for y/H > A, the effect becoming stronger
with decreas?ng aperture ratio. This
behavior seems reasonable because for a non-
conducting partition as aperture ratio
approaches zero, (i.e., the completely
divided enclosure), T > TH for x <L/2 and
T~ Tc for x > L/2. ' .

In general, the measured temperature profiles
seem to verify the statements made concerning
the basic nature of the flow in the partially
divided enclosure, i.e., the existence of an
inactive core region, a region of very weak
recirculation, and a peripheral boundary-
layer flow. '

Local hot wall heat transfer rates for exper-
iments with and without adiabatic partial
divisions are shown in Table 1. (In this
table Q; represents the heat transfer rate
over the lower one-third of the hot wall,
while Qp and Q3 are the rates for the middle
and upper one-third, respectively.) The
results of the seven heat transfer experi-
ments for A, = 1/2 and k; << 1 are listed in
Table 2. Pn all of the"experiments the wall
temperature difference was greater than 22°%
but never exceeded 61°C. The heat transfer
data for conducting and non-conducting parti-
tions are presented graphically in Figs. 8
and 9. Note that in Fig. 9 the approximate
Nusselt number prediction of Raithby, et al.
[14] for undivided enclosures (A_ = 1) in the
laminar boundary regime againvgiees a reason-
ably good estimate of the heat transfer 1in
the enclosure of aspect ratio A = 1/2, even
though this prediction was generated on the
basis of rather tall, narrow enclosures,
i.e., vertical layers with A > 5. From the
data 1in Figs. 8 and 9 the following correla-
tions were generated for the cases of con-
ducting and non-conducting partial divisions:

0.256 0.226
ol

(conducting parititons) (2) ‘

Nu, = 0.748 Ap R

L

0.762 Ap0.473 RaLO'226

(non-conducting partitions) (3)

Nu

where the root-mean-square deviation of the
data from the correlations are 2.5 and 3.8
for conducting and non-conducting partitions,
respectively. Note from Figs. 8 and 9 that
there.is virtually no difference in the Ray-
leigh number dependence of the Nusselt number
as A is varied, that 1is, all curves have
rougR]y the same slope regardless of the
aperture ratio. This behavior was also found



by Duxbury [20] at Tower Ra, , with air. Also
note that the heat transfer dependence on A
increases substantially (the exponent of AP
in equations (2) and (3) changes approxiE
mately from 1/4 to 1/2) when the enclosure

is partially divided by a non-conducting

rather than by a conducting partition. This
increased dependence on Ap supports the ear-
lier observation that the Flow recirculation
in the upper left-hand quadrant of the par-
tially divided enclosure is severely 1limited
by non-conducting partition materials. Thus,
adiabatic partitions represent an increased
resistance to the heat transfer across the
enclosure with a greater resulting sensi-
tivity to the aperture ratio.

It is noted that the above cited results for
the dependence of the heat transfer on Ap do
not agree with the results of the low Ray-
leigh number experiments of Duxbury {20] with
air. Duxbury's data for enclosures of aspect
ratio, A = 5/8, with conducting partitions,
are found to be reasonably well correlated by
a relation of the form given by equation ( 1
with an apertureoraggo dependence of Apo'
rather than A “° as was found in"this
study. However, this discrepancy is not too
surprising since the two experiments were
carried out at different vatlues of Pr (0.7 in
[20] versus 3.5 for this stugy) and at wi?61y
different values of Ra, {(10° versus 10*")
In addition, it is belTeved that the substan-
tial heat losses (15% -40%) from the experi-
mental cells of Duxbury may have adversely
affected the accuracy of his results.

CONCLUSIONS

Experiments with water in a partially divided
-rectangular enclosure have revealed the
existence of three relatively distifft
regions at Rayleigh numbers approaching 10°%,
i.e., the existence of an inactive core

region, a region of very weak recirculation,

and a peripheral boundary layer flow. The
partial divisions were also shown to signifi-
cantly decrease the overall heat transfer,
especially when the partitions were non-
conducting. Also, laminar-transitional flow
on the enclosure vertical surfaces was found
to be suppressed markedly by the presence of
the divisions. These results could be signi-
ficant with respect to design considerations
in solar heating applications.

It 1is recommended that further study be
directed toward the determination of the
separate effects of Prandtl number and aspect
ratio on the heat transfer. It is not clear,
for example, how much of the discrepancy
found between Duxbury's results and the
pregent resu]tfois due to differences in Ra;
(10° versus 10°”) or due to differences in Pr
(0.7 versus 3.5). Extending the range of RaL
to larger values should also serve to exposeé
the role of partial divisions in retarding
the transition to turbulent flow, a subject
which has only been alluded to in the present
work. Finally, a more detailed accounting of
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the local fluid velocities within the enclo-

sure would be 1instrumental in gaining an
understanding of the rather complex flow
observed in these experiments.
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NOMENCLATURE

A H/L, aspect ratio

Ap vh/H,bapérture ratio

B _ énclosure breadth

Cp constant pressure specific heat

g | . acceleration due to gravity

H enclosure height

h distance fromvenc1osure floor to par-

~tition

k thermal conductivity

k; thermal conductivity of partition

kp non-dimensional partition conductance
L enclosure width
- Nug qL/(Th - T )k, Nusselt nﬁmbér

n core temperature parameter

Pr v/a, Prandt] number

Q (Qp + Q)/2, heat transfer across

enclosure _
Q heat transfer rate over lower third
of hot wall,
0 heat transfer rate over middle ithird
of hot wall
03 heat transfer rate over upper third
of hot wall . .
Q/(B*H), average heat flux

Ry, 98L3(Ty, - T )/vo, Rayleigh number

T temperature

T

(Th + TC)/Z, reference temperature



horizontal position coordinate v kinematic viscosity
thickness of partial division o) density

vertical position coordinate

“thermal diffusivity ' Subscripts
thermal coefficient of expansion C cold wall
(k/cp)(pZB/u)]/s, property group h hot wall _ . =

dynamic viscosity

TABLE 1. Local Heat Transfer Rates Corresponding to Figs. 4-7,

Ap Q] (W) Qz(w) ) Q3(W) Qh(w)
1/4 880 32 0 912
(0.965) (0.035) (0.0)

1/2 1020 288 32 1340

(0.761) (0.215) (0.024)

3/4 897 418 115 1430
(0.627) (0.292) (0.080)

1 1430 756 373 2559
(0.559) (0.295) (0.146)

TABLE 2. Data for the Case Ap = 1/2, Adiabatic Partial Division

Q Q ol T T T
Run  Ra - 10710 Pr Nu h ¢ % oh ¢ h e
(W) (W) (%) (°c)  (°c) (°C)
1 4,21 3.8 142 1290 1260 2.3 63.0 29.6 . 33.4
2 5.65 3.6 153 1680 1640 2.4 69.8 29.7 40.1
3 3.46 3.9 135 1050 1020 2.9 59.4 30.8 28.6
4 2.41 4.4 125 820 780 4.9 51.4 27.1 24.3 (\
5 6.94 3.4 157 1940 1930 0.5 75.2 29.6 45.6
6 8.19 3.3 161 2220 2210 0.5 79.8 29.2 50.6 {
7 10.2 3.1 170 2640 2580 2.3 86.5 30.3 56.2
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FIGURE 3. F]qw pattern observed in the cases of adiabatic and
perfectly conducting partitions for Ap<1 and 10%% Ra, < 1011,
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FIGURE 4. Midslot vertical temperature profile in the undivided enclosure:
A =1/2, RaL = 6.41x10%, Pr = 3.7, Th = 72°C, TC = 25°C.
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FIGURE 5. Vertical temperature profiles at x/L = 1/4, adiabatic .
partial divisions: 3.79><101°<RaI <6.41x170'°%, 3.7<Pr<4.2.
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FIGURE 6. Veftica] temperature profiles at x/L = 1/2 (in the aperture), adiabatic
partial divisions: 3.79x10!%< Ra, <6.41x 101°%, 3.7<Pr<4.2.
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-FIGURE 7. Vertical temperature profiles at x/L = 3/4, adiabatic partial
divisions: 3.79x10'° s Ra, £6.41 x10'°%, 3.7<Prg4.2.
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FIGURE 8. Heat transfer results and correlation for
conducting partial divisions: 3.0<Pr<4.3.
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FIGURE 9. Heat transfer results and correlation for adiabatic partial divisions:

3.0<Pr<4.3, Raithby correlation with Pr = 3.5, A = 1/2, Ny = 0.392 RaL”4
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