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Abstract—This paper describes an experimental and analytical study of the phenomenon of heat transfer by
natural convection in a rectangular enclosure fitted with an incomplete internal partition. The experiments
were carried out in a water-filled enclosure with adiabatic horizontal walls and vertical walls maintained at
different temperatures. Heat transfer measurements and flow visualization studies were conducted in the
Rayleigh number range 10°-10'°, for aperture ratios h/H = 1, 1/4, 1/8, 1/16, and 0, where h and H are the
height of the internal opening (above the partition) and the height of the enclosure, respectively. It is demon-
strated that the aperture ratio /i/H has a strong effect on both the heat transfer rate and the flow pattern.
The second part of the study consists of an asymptotic analysis of the same phenomenen, valid in the
limit of vanishing Rayleigh numbers. The flow and temperature fields in this limit are reported graphically
for H/L = 0.5, Pr =0.71 and 0.3 < ItfH < 0.7, where L and Pr are the enclosure length and the Prandtl
number, respectively.

NOMENCLATURE

A aspect ratio, H/L
Ap  aperture ratio, if/H

g acceleration due to gravity

h distance from enclosure ceiling to partition
(aperture height)

H enclosure height

k thermal conductivity

L ' enclosure length

Nu  Nusselt number, (Q/W)/[A{(T};— T)]
Pr Prandtl number, v/x

Q heat transfer across enclosure

Re  thermal resistance lining the cold wall
Ry thermal resistance lining the hot wall

Ray  Rayleigh number based on enclosure height
H

Ra;  Rayleigh number based on enclosure length
L

T temperature [°C]

Ty warm end temperature

Te cold end temperature

AT  temperature difference between the hot and

cold wall
u horizontal velocity
v vertical velocity

134 enclosure width
x,y  Cartesian coordinates

X,Y dimensionless Cartesian coordinates, x/L,

y/L.
Greek symbols

o thermal diffusivity

B coefficient of thermal expansion

0 dimensionless temperature,
(T TN~ To)

v kinematic viscosity

14 vorticity

Z dimensionless vorticity, {/[fgL(T;;— T)/v]

¥ stream function
Wy dimensionless stream function,
PP LTy — TN
Subscripts
C cold wall
H hot wall.

1. INTRODUCTION

THE PHENOMENON of heat transfer by natural
convection in enclosures heated from the side has
attracted considerable interest during the past decade
[1-3]. Toalargeextent, thisinterestisstimulated by the
contemporary emphasis placed on the need to design
energy-efficient buildings as well as efficient solar
energy installations. As summarized in refs. [1-3], the
bulk of heat transfer research on natural convection in
enclosures has been devoted to enhancing man’s
understanding of what can happen in a ‘single’
enclosure: the most frequently used model in the
existing studies consists of a rectangular two-
dimensional enclosure with heating and cooling
administered along the two opposing vertical walls.
Although much remains to be done to understand
this basic model, especially its high Rayleigh number
behavior and the influence of lateral walls (three-
dimensional effects), it is evident that real-life systems
such as buildings and solar collectors only rarely
conform to the ‘single enclosure’ description. The need
to rethink our modeling of natural convection in
enclosures was highlighted in the conclusions to the
1982 NSF Natural Convection Workshop [4]: It has
been pointed out that a very basic configuration for the
study of natural convection in buildings is the
‘association’ of two enclosures which communicate
laterally through an opening in the same manner
as two rooms connected through a doorway, window,
corridor or over an incomplete dividing wall. This
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‘partially-divided enclosure’” model is relatively
unknown, in fact, we are aware of only three
fundamental studies in which the phenomenon was
investigated in the laboratory [5-7].

The object of the present study is to shed more light
on the fluid mechanics and heat transfer characteristics
of a partially divided enclosure heated from the side
(Fig. 1). To understand the specific objectives of the
present study, it is worth reviewing the main
conclusions furnished by the preceding investigations
[5-7]- Bejan and Rossie [5] described a water
experiment in which two differentially-heated cham-
bers exchanged heat through a short duct connecting
the two chambers. The connecting duct was situated at
mid-height. Flow visualization experiments and
velocity measurements showed that the fluid becomes
‘trapped’ on both sides of the opening, cold fluid in the
lower half of the cold chamber and warm fluid in the
upper half of the hot chamber. Heat transfer
measurements and scaling analysis showed that the
heat transfer rateis dictated by the height of the opening
relative to the differentially heated side walls; at the
same time, it was argued that the heat transfer rate is
independent of the length of the connecting duct.

Nansteel and Greif [6] studied an even more basic
configuration, namely, the set-up of*Fig. 1 where the
enclosure is partially divided by a vertical incomplete
wall. They used water in a briefcase-size apparatus and
discovered a similar ‘fluid trap’ effect whereby the fluid
stagnates onthe upper-warmside of the partition (inref.
[6], the partition was attached to the upper wall, which
is the same as rotating Fig. 1 by 180°). Heat transfer
measurements showed conclusively that the heat
transfer rate decreases as the opening h (or the aperture
ratio Ap = h/H)decreases. Nansteeland Greifused two
different partition materials (aluminum and poly-
styrene foam clad with stainless steel sheets) which, for
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reasons made clear later in the present study, can be
described as ‘more conducting’ and ‘less conducting’.
The heat transfer measurements showed that the heat
transfer reduction caused by decreasing Ap from 1 to
1/4 is most pronounced in the case of the ‘less
conducting’ partition.

Most recently, Bajorek and Lloyd [7] described a
series of experiments in a square enclosure with two
partial dividers, one attached to the top wall and the
other to the bottom. This arrangement amounts to two
chambers communicating through a mid-height
window, an arrangement similar to that of ref. [5].
However, unlike in refs [5, 6] where the working fluid
was water and Ra = 0(10'°), Bajorek and Lloyd used
air and CO, and their Rayleigh numbers were
considerably lower, 0(10°). Comparing the heat
transfer measurements taken in the partitioned
enclosure with the corresponding measurementsin the
unpartitioned (single) enclosure, Bajorek and Lloyd
found that the partitions reduce the heat transfer rate
appreciably. Mach-Zehnder interferograms showed
that the partitions have a noticeable impact on the
isotherm pattern, however, ref. [7] does not contain
flow visualization experiments or velocity measure-
ments to complement the interferograms.

In view of what has already been contributed by refs.
[5-7],the present study focuses on the most elementary
configuration of ref. [6], Fig. 1, and seeks to:

(1) visualize the flow field in a more quantitative way
than the dye-injection method of ref. [6];

(2) measure the fluid velocity in important places
(e.g. the opening above the partial divider), as such
measurements are presently unavailable, yet they can
serve to verify the validity of high-Ra numerical
simulations of the same flow [8];

(3) extend the heat transfer measurements to the

insulated wall
Ve _T_ - - - T T T T T TN r
N I !
e . e & -~ |
S | 1 |
| | |
T | |
c| ! | | Ta
) H
| WEAK CIRCULATION ¥ STRONG FLOW t
| | !
| | |
| | |
! | |
\ —_— e em — J N e e - — e
< X
/ %
L insulgted wall

FiG. 1. Schematic of partially divided enclosure and flow pattern.



Natural convection in a partially divided enclosure

1869

ACCESS PORTS

12 3 4 5 sl7 &8 9o w0 u_,
SCALE l
° 10 20 | INSULATION
cm '
Aeny ke L —c PLYWOOD
T\:L CONTAINER
HEATERS l
cLAmMP \ \
—— COOLANT FLOW
I

SN

[—c
PARTITION

./

z

/ P gr e emme s B
: ;

™~

L]

SECTION A-A

SECTION B-B

SECTION C-C

F1G. 2(a). Construction details of the experimental apparatus.

aperture range not examined in ref. [6], namely, 1/4
< Ap < 0;

(4) measure the heat transfer impact of a ‘non-
conducting’ partition, bearing in mind that the two
partition designs in ref. [6] were partially conducting;

(5) correlate the old and the new heat transfer datain
a theoretically meaningful way;

(6) determine the temperature and flow fields in the
limit of vanishing Rayleigh number, as cornerstone
solutions to test the validity of future numerical
simulations of the phenomenon.

2. EXPERIMENTAL APPARATUS

Figure 2 shows the experimental apparatus used in
the present experiments. The water-filled Plexiglas
enclosure available from an earlier experiment [9] was
fitted with vertical incomplete partitions designed to be
‘non-conducting’ relative to the fluid medium (water).
As shown in the detail drawing of Fig. 2(b), the
partitions were made out of double-wall Plexiglas
filled with air. Five different partition heights or
apertures were used, Ap = h/H = 1 (no partition), 1/4,
1/8, 1/16 and 0 (complete partition).

As in refs. [5, 6], water was used as the convective
medium in order to simulate the high Rayleigh
numbers characteristic of life-size rooms filled with air.
The overall temperature difference between the vertical
end plates ranged from 2 to 26°C, yielding Rayleigh
numbers based on enclosure height (H) in the range
10°-10'°,
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Construction details of the apparatus are given in
Fig. 2(a) and in ref. [9]. The four main components of
the apparatus are: the Plexiglas box, the partition, the
fiberglass insulation, and around everything, the
wooden container. The Plexiglas box is made out of 1.9
cm thick Plexiglas sheet; its dimensions are H = 27.9
cm, L =914 cm and, perpendicular to the plane of
Figs.land 2, W = 54.6 cm. The box wasinsulated with
15 cm thick fiberglass supported by the plywood
container,

The differentially-heated vertical ends of the box are
made out of 1.9 cm thick aluminum plate. The cold end
was hollowed out to serve as a heat exchanger and
connected to a constant-temperature-bath refrigerator
capable of controlling the coolant temperature to
within +0.1°C. The hot end plate contained two S00 W
strip heaters, connected in parallel and recessed into the
aluminum plate. All aluminum surfaces were coated
with a thin layer of lacquer to inhibit oxidation. A
constant-voltage transformer was used to limit the
effects of diurnal variations in the building’s electrical
supply. Total power inputs varied from 10 to 400 W
(66-2626 W m™2).

Four partitions of different heights were fabricated
from Plexiglas and were mounted in the center of the
enclosure on the floor. The partition heights were 20.9,
244,262 and 27.9 cm. All the partitions were 1.3 cm
thick and contained a 0.64 cm thick layer of air.

NiexcHuaN N. Liv and ADRrIAN BejanN

Temperature measurements were made to within
+0.5°C, using type K (chromel-alumel) thermo-
couples. The end plate temperatures and the
ambient temperature were monitored throughout each
experiment. In general, it took the apparatus about
24 h to stabilize whenever the power and refrigerator
setting were changed. Arrival at steady-state was deter-
mined by monitoring the end plate temperature. When
steady-state was achieved, the experiment was run for
approximately 5 h with readings taken every 18 or 30
min. The power input was measured by monitoring
heat voltage and current, and varied a maximum of 2%,
To minimize the thermal interaction of the apparatus
with its surroundings, the hot wall temperature and
cold wall temperature were carefully adjusted so that
the mean operating temperature, (T4 Tg)/2, was
within +5°C of ambient.

3. VELOCITY MEASUREMENTS

The flow was made visible using the thymol blue pH-
indicator technique originally described by Baker [10]
and used extensively in water natural convection
experiments (see, for example, refs. [11-147). Two wire
electrodes were inserted into the pH-neutral (tea
colored) flow; with 6 V between the electrodes, the
cathode marked the flow by causing a local pH and
color change towards deep blue. As shown by the
sequence of photographs in Fig. 3, the time evolution of

F1G. 3. Flow visualization on the cold side of the partition, Ap = 1/4, Ra,, = 9.2 x 10%; from left to right,
t=36,54and 75s.
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the marked fluid was used in order to calculate the fluid
velocity [15].

Velocity measurements were performed in two
distinct cases, Ap = 1/4 and 1/8, as shown in Figs. 4(a)
and (b). Drawn to scale on these figures is the geometry
of the aperture region and the relative position of the
vertical wire (cathode) responsible for the horizontal

velocity profiles shown. Looking at the “wide’ aperture

case [Fig. 4(a)] and keeping in mind that heating is
provided from theright(Fig. 1),above the divider we see
a counterflow in which cold fluid flows very fast (0.5 cm
s~ !) as a thin jet and falls over the top of the partition
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into the warm chamber, while warm fluid takesits place
by moving slowly from right to left. We were unable to
measure the cold jet peak velocity using the thymol blue
method. The counterflow of Fig. 4(a) was described
qualitatively in ref. [6], however, unlike in ref. [6] we
find that the thicker branch of the counterflow has two
velocity maxima. These two horizontal jets are
visualized by the velocity profiles on both sides of the
vertical plane of the aperture. The upper jet appears to
be the continuation of the warm jet driven upwards
along the heated wall of the box, while the lower jet is
induced by the fast cold jet, in the manner of a
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horizontal jet in a thermally stratified pool [16]. The
lower section of the velocity profile on the cold (left) side
of the partition in Fig. 4(a) is very similar to the parallel
opposing jets observed in shallow enclosures at high
Rayleigh numbers [17].

Figure 4(b) shows that as the aperture shrinks to
Ap = 1/8, the warm (upper) stream exhibits a single
velocity maximum, as if the two warm jets of Fig. 4(a)
have been forced to merge.

4. HEAT TRANSFER RESULTS

The net heat transfer rate across the enclosure was
measured electrically, by monitoring the power
dissipated in the warm plate resistors [Fig. 2(a)]. The
heat transfer measurements are presented in Fig. 5,
where the Nusselt number and Rayleigh number are
defined as follows:

__ow
M= -t w
MT, —
ra, < PHT=T), o
ay

The physical properties appearing in the above
definitions have been evaluated at the end-to-end
average temperature (T;,+ T¢)/2. Note also that, unlike
in ref. [6] where the Rayleigh number is based on the
horizontal dimension of the enclosure, in equation (2)
the Rayleigh number is based on height.

Figure 5 shows that the heat transfer rate decreases
drastically as the aperture ratio Ap decreases from
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Ap =1 (no partition) to Ap = 0 (complete partition):
over this range, the Nusselt number decreases by a factor
of 15 which is approximately the ratio between the
thermal conductivities of water and air (this particular
measurement verifies the effectiveness of the ‘air-gap’
design as a ‘non-conducting’ partition, Fig. 2(b), stating
that in the full-partition case (Ap = 0) the thermal
resistance is dominated by the air gap).

Figure 5 shows also the heat transfer data published
earlier by Nansteel and Greif [6] using a partition built
out of polystyrene sandwiched between stainless steel
sheets. Compared with the present measurements, the
Nansteel and Greif data document only the large
aperture range, 1 > Ap > 1/4. However, two sets of
data reported by Nansteel and Greif (Ap = 1 and 1/4)
can be compared directly with the corresponding data
yielded by the present measurements: the heat transfer
rate reported by Nansteel and Greif is generally 50%;
larger than the value yielded by the present ex-
periments. In addition, the drop in Nu from Ap =1to
1/4 in the Nansteel and Greifl data is less than the
corresponding drop exhibited by the present measure-
ments: this apparent discrepancy can be attributed to
the fact that the present partition is a better insulator
than the ‘non-conducting’ partition used in ref. [6].

To shed more light on the 50% discrepancy between
the present Nu data and those of ref. [6], Fig. 6 shows a
compilation of all the high-Rayleigh number data
obtained in horizontal enclosures heated from the side
(no partition, Ap = 1). Both ref. [6] and the present
measurements extend the Ray domain in which the
heat transfer rate has been known experimentally [17].
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However, as the enclosure aspect ratio H/L does not
seem to have a significant effect on the Nu-Ray
relationship, the Ap = 1 data of Nansteel and Greif [6]
fall above what seems to be a general Nu—Ray; curve in
the high Ray, limit. A possible explanation for the 50%;
discrepancy between the Ap = 1 sets of data is that,
with an aspect ratio H/L = 0.5, the enclosure of ref. [6]
departs sufficiently from the behavior of ‘shallow’
enclosures (H/L < 1). Another explanation is that in
ref. -[6] the heat transfer rate was measured via the
enthalpy drop experienced by the stream that heated
the warm end of the enclosure, whereas in the present
experiment the heat input was measured directly
(electrically). Furthermore, the insulation heat leak
evaluated in ref. [6] appears to account for a higher
percentage of the end-to-end heat transfer rate than in
the present experiment, where it was less than 10% (see
also ref. [9]).

5. HEAT TRANSFER CORRELATION

The strong heat transfer effect of opening the
aperture Ap, documented here and in ref. [6], can be
predicted based on scale analysis. Focusing on the basic
heat transfer geometry shown in Fig. 1, the convective
heat transfer from T, to T overcomes two thermal
resistances in series. The first resistance is the thermal
boundary layer lining the entire hot wall

H Raj'*

where H Raj;'/* is the scale of the thermal boundary
layer thickness and H1V the area of the hot wall covered
by the thermal boundary layer. The second resistanceis
thethermal boundary layer along the top portion of the
cold wall, where the strong convective cell makes
contact with the heat sink

h Ra; '

<~ R (4

In an order of magnitude sense, the net heat transfer
rate Q is

AT
Q~-—— )
Ry+R¢
in other words, using equations (3) and (4)
Ral/*
Nu=B——ail ©)
Ap~**+B,

where By and B, are numerical constants of order one.
Figure 7 shows that the data of Fig. 5 are correlated
reasonably well by taking B, = 0.5; the projection of
thesedata on Fig. 7suggests that the value of theleading
coefficient B, isapproximately 0.336.Inconclusion, the
expression

R 1/3
Nu = 0.336 ——1 )
Ap

3405
correlates the present data for a non-conducting
partition in the range 1 < Ap < 1/16. The standard
deviation of the experimental data from curve (7) is
7.2%. The Nansteel and Greif data of Fig. 5 are
correlated by an expression similar to equation (7)
where the coefficient 0.336 is replaced by 0.56 with the
standard deviation of 5.8%.

6. THE LOW RAYLEIGH NUMBER LIMIT

The object of the experimentalstudy described above
has been the high Rayleigh number regime in which the
enclosure heat transfer is dominated by convective
effects. More insight into the phenomenon is gained by
invoking the low Rayleigh number or conduction-
dominated limit. An analytical understanding of this
limit is very useful in assessing the validity of numerical
simulations of finite-Ray, situations [8]. Furthermore,
many spacecralt applications of the geometry of Fig. 1
operate under ‘near g = 0’ conditions, hence in the
Ray; — 0limit. The purpose of this last section is to re-
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F1G. 7. Heat transfer correlation for natural convection in an enclosuré with partial non-conducting vertical
partition (see also Table 1).

port a perturbation solution for the flow and tempera-
ture field in thelow Rayleigh number regime. In view of
the small Rayleigh number, the perturbation solution
is not relevant to the high-Ray,; picture revealed by the
experiment of Sections 2-5.

6.1. Mathematical formulation

Consider the two-dimensional geometry of Fig. 1
and a Cartesian system x-y such that the x axis is
oriented horizontally. In that system, the equations
accounting for the conservation of mass, momentum
and energy are

ou dv
—+—=0, 8
3 ®)
7l4 + ol v “ZC o 8¢ + oT ©)
Yox Uay oy? Iox”
oT  aT 2T 8T
== 10
Yox dy a(a + ay? )’ (10)
where
o oW
= , 11
¢ ( +—= 37 an
u—ﬂp—, v= —i—lp. (12)
dy 0x

In equations (8){12), u, v, { and y are the horizontal
velocity, vertical velocity, vorticity function and stream
function, respectively. The fluid filling the cavity has
been modeled as Newtonian; in addition, the fluid is
assumed to conform to the Boussinesq approximation
whereby the density varies linearly with temperaturein
the body force term of equation (9).

Non-dimensionalization is achieved by defining the
new dimensionless variables

x=3 v=¥ o-T7T%
L L Ta—Te
(13)
Y= 4 = .
Bg(Ty— TN BgL(Ty—To)/v

The dimensionless forms of the governing equations

are then
Ra,_ o 8Z oY oz _aZ_z+azz+ao 14
Y X o9x oY) ox? T av?: ' ox
8 80 o G0N %0 8%
— = —
R“L(ay X~ oX 6Y> “axz Tayr 19
with
Y Y
= - 16
z (ax2+ay) (16)

Unlike in the presentation of heat transfer measure-
ments [Figs. 4-6, equation (2)], this time the Rayleigh
number Ra, isbased on the horizontal dimension of the
overall cavity

9PL(Ty—T)

ay

Ra, = (17

Finally, the boundary conditions for the partially
divided enclosure of Fig. 1 are

¥
=0: ¥=0, —=0, 0=0,
atX =0 e
¥
=1: Y=0 —=0 0=1,
at X =1 X
H oY co
atY=0,—E ‘P=0, 'a—Y——O, 5——0,
(18)
at X =172,
H—h oY c0
and0<Y < —L— \P—O, 5}*0, aX_

6.2. Asymptotic expansion
Regarding the Rayleigh number as a small enough

parameter, we seek series solutions of the following
form

0=0,+Ra; 0,+Ra} 0,4+ -
Z = Zo+RaL Zl+Rai 22+
Y =%¥,+Ra,

(19)
lPl +Rai ‘"Pz+
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Table 1. Heat transfer measurements

Ap  Ray x 10° Nu Nu Rag'* (Ap~¥*+0.5)

1.74 51.17 0.376
224 53.51 0.369
3.38 50.71 0315
374 56.72 0.344
392 61.11 0.366
4.50 58.54 0.339
4.56 62.36 0.360
482 63.68 0.363

1 524 60.65 0338
573 64.41 0.351
6.01 6243 0.336
6.72 65.93 0.345
7.03 6521 0.338
7.68 66.05 0.335
7.90 66.51 0335
9.03 68.85 0.335
1.50 23.15 0.391
1.92 2292 0364
2.59 23.61 0.348

1/4 348 24.86 0341
4.48 2607 0.335
5.58 26.80 0.326
6.90 27.62 0.319
8.52 27.60 0.302
9.63 23.03 0.298
3.14 14.95 0.332
3.26 15.10 0.332
393 16.10 0338
426 1521 0.313
519 1574 0.308

1/8 6.31 16.16 0.301
6.46 16.67 0.309
7.09 16.73 0.303
7.60 16.52 0294
8.05 1685 0.296
8915 16.99 0.291
404 1147 0.387
4.66 11.04 0.359
503 10.63 0.339
5.30 11.48 0.362
5.55 10.99 0.342
6.26 11.12 0.336
6.59 11.59 0.346

1/16 7.01 11.29 0332
7.26 12.26 0.357
8.39 12.58 0353
9.19 11.89 0.326
9.86 12.09 0.326
9.96 12.42 0.334

1040 12.16 0.324
10.96 12.35 0324

Substituting these expressions into equations (14) and
(15), collecting the terms containing the same power of
Ra, and setting such groups equal to zero, yields a
sequence of problems, one for each power of Ra;.

The zero-order flow and temperature field (0q, \Vy),
which is valid strictly in the limit Ra, — O obeys the
following system

90, 00,
O=2xz oy 20
0*Z, 0*Z co
0=xr gy toxr Zo=—Vi¥e (1)

HMT 26:12-3
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subject to boundary conditions of type (18). This system
was solved numerically, as discusscd later in this
section. With 0, and ¥, calculated numerically, the
first-order fields (0,,'¥,) are obtained next by solving
the system

o, 0, W, E0, %0, 8%,
—2_—efo " 1.1 2
Y X 90X Y  0x* ' oy?
1 (0% 02, ¥, 8Z,\ _8°Z, +alz, +60,
Pr\dY 80X 90X oY ) ox* ' aY* ' 8X°
Z, = -V, (23)

6.3. Results

The asymptotic solution (0,,'¥,) and its first
correction (0,,¥,) were obtained based on a finite-
difference approximation of the governing equations.
The computer program used in this part of the study is
listed in a thesis by Lin [18]. Initial guesses for
temperature, vorticity and stream function were up-
dated (improved) using the successive overrelaxation
scheme until the following convergence criterion was
satisfied

3 Y 1@, m)—@* Y(m, )]
¥ ¥ ¢ m,n)

In the above criterion ¢ stands for 0, W or Z, and m, n
and k& for node coordinates and order of iteration. All
calculations displayed here were made using m = 22,
n =11, H/L = 1/2 and Pr = 0.71 (permanent gases).
Figures 8(a) and (b) and Table 2 show the results of
solving problems (20), (21) and (22), (23) numerically.
Theisotherms and streamlines of Fig. 8(a) demonstrate
that in the Ra,—0 limit the pure conduction
temperature distribution drives a counterclockwise
symmetric circulation in which the fluid rises along the
heated wall. When the aperture is relatively open
(Ap = 0.7) the flow consists of a single cell, as the two
sides of the cavity exchange fluid very effectively
through the aperture. As the aperture ratio Ap
decreascs, the flow is reduced and severed into two

<1075

(24)

Table 2. Principal numerical values of the zero and first-
order solutions in the Ra; ~ 0 limit (Pr = 0.71, H/L = 1/2)

Function Ap =07 Ap =05 Ap=103
max 1 1 1
O, .
min 0 0 0
max 0 0 0
Yo . _ -4
min —1.018 x 1073 —6.51 x 107* —4.31 x 10
0 max 6.55x 1075 327 x 1073 1.76 x 1073
Ymin  —125x 107* —522 % 10°% —1.87 x 1073
v max 305x107% 302x10"% 266 x 1078
"min  —305x 1078 —302x10® —266x 1078

[LHS of each ¥, plot in Fig. 8(b)]

¥ > 0: clockwise circulation.
Y < 0: counterclockwise circulation.



1876 NIENCHUAN N. LN

and ADRIAN BEJAN

Ap=0.5

Fi1G. 8(a) The zero-order temperature and flow fields, 0, Y.

counterclockwise cells. The first-order correction to
the temperature field, Fig. 8(b), amounts to a vertical
thermal stratification of the fluid. The first-order
correction to the streamline pattern has the effect of
pushing the streamlines closer to the vertical
differentially-heated walls, suggesting a gradual
approach to the boundary layer regime as Ra,
increases.

7. CONCLUSIONS

This paper described an experimental and numerical
study of the phenomenon of natural convection in a
partially divided enclosure heated from the side. The
experimental part of the study led to the following
conclusions:

(1) The flow field in the high Rayleigh number
regimeis characterized by boundarylayerupflow along
the heated wall, horizontal counterflow through the
aperture and trapped fluid on the lower cold side of the
partition (Fig. 1). These features confirm those
described in earlier studies [5-7]. An additional
characteristic of the flow is the presence of two velocity
maximain the warmstream of the aperture counterflow
when the aperture is ‘large’ [Fig. 4(a)]. As the aperture

Ap=0.7

Ap=03

closes, the warm stream attains a single velocity
maximum [Fig. 4(b)].

(2) Heat transfer measurements in the ‘small’
aperture range not studied previously (Ap < 1/4)
demonstrate that the partial wall reduces significantly
the net heat transfer between the ends of the cavity (Fig.
5). The present “air-gap’ design of the partition has been
proved effective in avoiding the heat transfer directly
through the partition.

(3) The present heat transfer measurements are
generally 50% lower than earlier results published for
Ap =1, 1/4[6], Figs. 5 and 6. The discrepancy may be
attributed to three-dimensional effects, or to different
degrees of heat leakage through all lateral walls.

(4) The heat transfer data are correlated satisfac-
torily by equation (7), Fig. 7, which is based on
recognizing the proper thermal resistance scales of the
phenomenon.

The numerical part of the study focused on the
Ra, — 0 limit, in which it is possible to determine the
flow as an asymptotic expansion in ‘Ra; small’
The temperature and flow fields are displayed in Figs.
8(a) and (b), and their numerical characteristics are
summarized in Table 2. In the conduction-dominated
limit the flow is symmetric with counterfiow exchange

Ap=0.5

F1G. 8(b). The first-order corrections to the temperature and flow fields, 0,, y,.
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wough the aperture [Fig. 8(a)]. As Ra, increases, the
nd boundary layers become thinner, while the fluid

aroughout the cavity becomes thermally stratified
Fig. 8(b)].
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CONVECTION NATURELLE DANS UNE ENCEINTE PARTIELLEMENT DIVISEE

Résumé—On décrit une étude expérimentale et analytique du phénoméne de transfert thermique par
convection naturelle dans une enceinte rectangulaire munie d’une cloison interne incompléte. Les expériences
sont conduites avec une enceinte remplic d’eau avec des parois horizontales adiabatiques et des parois
verticales maintenues a des températures différentes. Les mesures de transfert thermique et les visualisations
d’écoulement correspondent 4 un domaine de nombre de Rayleigh 10°-10'°, i des rapports d’ouverture h/H
= 1,1/4,1/8,1/16et0 ot het H sontlahauteurdelouvertureinterne (au-dessus de la partition)etla hauteur de
I'enceinte.Onmontrequelerapportd'ouverture h/H auneffetimportant dlafoissurletransfert dechaleuretla
configuration de I'écoulement. Le seconde partie de I'étude consiste en une analyse asymptotique du méme
phénoméne, valable dans la limite des trés faibles nombres de Rayleigh. Les champs de vitesse et de
température sontdansce casdonnés graphiquement pour H/L = 0,5, Pr = 0,71et0,3 <h/H <0,7,avec Let Pr
respectivement la longueur de I'enceinte et le nombre de Prandtl.

NATORLICHE KONVEKTION IN EINEM PARTIELL UNTERTEILTEN HOHLRAUM

Zusammenfassung— Die vorliegende Arbeit beschreibt eine experimentelle und analytische Untersuchung
der Wirmeibertragung durch natiirliche Konvektion in einem rechteckigen Hohlraum, dessen Inneres
unvollstandig aufgeteilt ist. Die Versuche wurden in einem wassergefiillten Hohlraum durchgefiihrt, dessen
horizontale Winde adiabat sind und dessen senkrechte Winde unterschiedliche Temperaturen haben.
Messungen des Wirmeiiberganges und Untersuchungen mit sichtbar gemachter Strémung wurden
durchgefiihrt bei Rayleigh-Zahlen zwischen 10° und 10'°, bei Offinungsverhéltnissen h/H = 1, 1/4,1/8, 1/16
und 0, wobei h die lichte Hohe derinneren Offnung und H die innere Gesamthoheist. Es wird gezeigt, daBi das
Offnungsverhiltnis h/H einen starken FinfluB auf den Warmeiibergang und auf die Stromungsform ausiibt.
Der zweite Teil der Untersuchung stellt eine Grenzbetrachtung derselben Erscheinung im Bereich
verschwindender Rayleigh-Zahlen dar. Die Geschwindigkeits- und Temperaturfelder in diesem Bereich sind
graphisch dargestellt fir H/L = 0,5, Pr = 0,71 und 0,3 < h/H < 0,7, wobei L die Linge des Hohlraumes und
Pr die Prandtl-Zahl ist.
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ECTECTBEHHAS KOHBEKLIHA B YACTUYHO NEPEFOPOXEHHOH NMOJIOCTH

Annoraums—OnHCHIBAETCA IKCNEPHMEHTALHOE H aHANHTHYECKOE HCCASNOBAHHE SIBJIEHHA MEPeHOCa
Tenla ecTeCTBEHHOI KOHBeKUHEii B 4aCTHYHO MEPeropoxeHHOI NpSMOYrobHoi nonocTH. DKcnepu-
MCHTHI NPOBOAMJINCH C 3ANONHEHHON BOROI MOJIOCTHIO, FOPH3IOHTANBLHEIE CTEHKH XOTOpOoil 6bLim
annabaTHYeCKHMH, @ BEPTHKAJbHBIE HMENH pa3Hble TeMmnepatypbl. H3mepenus Beanduus! Tenaosoro
MOTOKA M BHIYaNH3auus TEYCHHA OCYLIECTBIANNCH B AHana3one 4ucen Panes 10°-10'° npn snauenuax
otxowenns hfH, pasnpix 1,4, 4, 5 10, roe £ 1 H - cooTBeTCTBEHHO BLICOTA BHYTPCHHETO OTBEPCTHA
HaA neperopoaxoit u BeicoTa nonoctH. [lokasano, uto BeanyuHa h/H oxaszwBaer Gonbuioe BAHAHHE
K4aK Ha HHTEHCHBHOCTbL TEMJIONEPEHOCA, TaK M Ha KAPTHHY TeyeHHs. Bropas wacTh mccnenosanus
NOCBAILEHA ACHMITOTHYECKOMY AHANHIY TOTO Ke SAB/ICHHS, HO B MNpPEAcie HCYE3AoIEe ManablxX
3Hayenuil uncna Panes. Tlons teueHuii 1 TeMnepaTyp B 3TOM MpPERENe NpeACTaBAeHbl B rpaduyeckom
puge ang HIL =05, Pr=0,71 1 03 <h/H < 0,7, rae L u Pr — COOTBETCTBEHHO AHHA MOJOCTH H
uncno fMpannrns.





