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Abstract—An experimental study is presented for transient buoyancy-induced natural convection in the

Rayleigh number range of 6.9 x 107-4.12 x 10 for aspect ratios of 4, = 3 and 4,, = 1.2 inside a rectangular

enclosure with silicone oil as the working medium wherein the two vertical walls were heated on the right

wall and cooled on the left wall as 7 > 0, respectively. The remaining four walls were adiabatic. Time

evolution of streak flow patterns was observed and temporal temperature distributions are presented and

analyzed. In addition, the present results are compared with previous two-dimensional experimental and
three-dimensional numerical resuits.

1. INTRODUCTION

Bouyancy-driven fluid flow analysis in enclosures has
many thermal engineering applications, such as heat-
ing and cooling of buildings, cryogenic storage tanks,
the cooling of electronic components and solar energy
collectors. In the design of such devices, the transient
behavior of flows is of vital interest in order to assess,
for example, the maximum heat transfer rates. The
transient flow properties may differ significantly from
the steady-state values. In the present paper, an exper-
imental study is conducted on three-dimemsional
transient natural convection in a rectangular enclos-
ure.

It is obvious that convection flows, as well as fluid
motion in general, are three-dimensional. However,
the limitations of mathematical analysis and exper-
imental techniques have led to a very common trend of
approximating convection flows by two-dimensional
models. The experimental simulation and math-
ematical modeling of two-dimensional convection
flows have created many flow structures that do not
appear to be comparable with real, three-dimensional
flows. Therefore, the data presented herein should be
useful in three-dimensional numerical code validation
and the assessment of the assumption of two dimen-
sions in previous experimental studies. To the authors’
best knowledge, comprehensive and thorough data for
time-dependent three-dimensional natural convection
in enclosures are not available in the literature. For a
numerical study, Schladow et al. [1] reported a series
of two- and three-dimensional numerical simulations
of transient flow in a side-heated cavity at
Ra =2x10°. Fusegi er al. [2] numerically studied
transient three-dimensional natural convection in a
differentially heated cubical enclosure at a typical
Rayleigh number of 10°. They illustrated time evo-
lutions of the temperature and flow.

In the present work, transient three-dimensional
natural convection experiments in a rectangular
enclosure, shown in Fig. 1, with differentially heated
vertical walls were carried out for a range of Rayleigh
numbers, 69x10"< Ra<4.12x10°, and for
Pr = 457 for lateral aspect ratio 4, = 1.2 and 4, = 3.
With these parameters, the flow is expected to be
three-dimensional and time-dependent. The present
work is a direct extension of previous three-dimen-
sional steady-state experiments [3]. The primary
objective of this study is to present complete three-
dimensional pictures of the gross features of a time
evolving convective pattern in the rectangular enclo-
sure. Time-dependent changes in the thermal charac-
teristics and heat transfer rate in the enclosures as well
as flow characteristics through fiow visualization are
obtained.

The three-dimensional experimental results of the
present study may provide useful and systematic data
for this type of flow and, moreover, examination of
the data permits closer analyses of transient three-
dimensional features. For instance, both quantitative
and qualitative information for the thermal boundary
layer stabilizing time will be noted in the present
experimental results.

2. EXPERIMENTAL SETUP AND PROCEDURE

2.1. Experimental facility

The thermal convection flow was generated in a
150 x 50 x 60 mm rectangular enclosure. Figure 2
shows the enclosure and the coordinate system used.
The y direction is vertically upwards. Two opposite
lateral walls of the box (x = 0 and x = L) were made
of copper (5 mm in thickness) and kept at a prescribed
constant temperature by two isothermal baths. The
four other walls, made from 10 mm Plexiglas with 10
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! time

T temperature [K]

ambient temperature [K]

ty thermal boundary layer development
timescale (duration of transient),
~H?/ Ao Ra''*

finite wall temperature timescale
(=50 ms)

length of slot [m]

dimensionless width, x/L

direction parallel to the width of the
slot [m]

NOMENCLATURE
Ay aspect ratio, H/L y direction parallel to the height of the
A, lateral aspect ratio, W/L slot [m]
C specific heat [J kg™ K™ z direction parallel of the length of the
g acceleration due to gravity [m s™') slot [m].
h heat transfer coefficient [W m—2 K]
H height of slot [m]
k thermal conductivity [W m™' K] Greek symbols
ke fluid thermal conductivity o thermal diffusivity of fluid [m” s ']
Wm 'K B thermal expansion coefficient [K ™!
L width of slot [m] r period of oscillation [s]
N Brunt-Vaisala frequency [s™'] 0 boundary layer thickness [m]
Pr Prandtl number, v/o 0 dimensionless temperature
Ra  Rayleigh number, gf(Ty,— T ) H*jva (T—-T)/(Tu—T¢)

kinematic viscosity of fluid [m* s~

<

T dimensionless time, at/L*
) frequency of internal wave motion
[s71].
Subscripts
H hot wall
C cold wall
w vertical wall
m reference mean bulk temperature,

(Tu+To)/2.

mm polystrene foam were considered to be thermal
insulators when temperature measurements were con-
ducted. The great thermal capacity and thermal con-
ductivity of the copper walls allowed us to maintain
heated and cooled walls at constant and uniform tem-
peratures. These temperatures were continuously
measured by means of copper/constantan thermo-

couples (AWG28, time constant 2 s) and recorded by
an OMEGA ;R 100 automatic data acquisition system
at a frequency of 1.2 Hz to sample the data. The
observed temperature fluctuations were less than
0.2°C. In two external temperature controlled baths,
water was brought to the desired end temperature
Ty + AT. The temperature difference AT was usually

Insulated Top
Wall (Ceiling)
(t=0)
4
|
| . Insulated
Back Wall
Isothermal ] (t=0)
C(otlg (\;v;\u T, 'I T = Tyt <0) Isothermal
g I g \\ (=0
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:P:: | Front Wall
| (t=0)
y A %
f il W=60mm
X . X
Insulated | €«—L <50mm—>
Bottom Wall(Floor)
(t=20)

Fig. 1. Schematic of the physical and coordinate system.
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( 7 ) cold water inlet

( 8 ) hot water outlet

( 9 ) cold water outlet

( 10 ) top ceiling of the enclosure

position( at two opposite vertical walls)

10mm thickness polystyrene foam thermal insulator

H 5mm thickness copper plate

Fig. 2. Schematic of the test section.

less than 3°C. The experiment was started by simul-
taneously pumping hot demineralized water at tem-
perature Ty and cold demineralized water at tem-
perature T from these two baths into the respective
end water jackets. The temperatures in the jackets
were subsequently maintained to within about 0.1°C
of their respective values. This combination of pump-
ing water already at the desired temperature and the
rapid heat transfer through the thin copper end walls
(5 mm) enabled the end walls to be brought to tem-
perature in timescales ¢, < 1, as desired. With this, an
initiation timescale of less than 5 s is achieved. Suitable
values of Ty and T were chosen to minimize the
temperature difference between the mean enclosure
temperature and the ambient. The temperature
differences between the heated and cooled walls was
varied in the range 10-60"C and the ambient tem-
peratures were kept at 25"C. The enclosure was filled
with silicone oil as working fluid for each experimental
run. The effects of variable properties of the fluid on
natural convection have been investigated previously
{4, 5]. In the case of a liquid medium like silicone

oil, the temperature dependence of viscosity can be
important. This can be seen from Table 1.

Five copper/constantan thermocouples were in-
stalled at various locations on each of the two (heated/
cooled) vertical walls. The maximum temperature
deviation from the mean temperature of the wall was
+0.1"C and the accuracy of all thermocouple
measurements was +0.2°C. A very thin (AWG 40)
thermocouple probe was inserted through a slot in the
top ceiling of the enclosure, fixed at a different height,
and chosen in the horizontal or lateral direction to
measure the local temperature of the cell.

2.2. Flow visualization

Flow structures were visualized using photographic
records of the motion of tracer particles illuminated
by a sheet of white light. Aluminum powders were
used as tracer particles. The typical size of the particles
was 5—15 um and their concentration in the working
fluid was kept below 0.1% by weight. Time-exposure
(25-30 s) streak photographs of the evolving flow field
were taken of the flow patterns using a Cannon-AE]l
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Table 1. Physical properties of the silicone oil used

Thermal Thermal Specific

Temperature Viscosity conductivity diffusivity heat Prandtl
K] [m?s~ Wm™' K™ [m?s~] [kikg"'K~'] number
298 50x 107° 0.154 1.06x 1077 1.52 472
303 479x10-¢ 0.1538 1.05x 1077 1.532 457
308 458x10~° 0.153 1.03x 1077 1.544 444
313 437x10"¢ 0.1529 1.02x 1077 1.556 427
318 41.5x10°° 0.1524 1.0t x 1077 1.568 410
323 39.4x10°° 0.1519 1x1077 1.58 394
328 373x107¢ 0.1514 0.99x 1077 1.592 377
333 352x107° 0.151 0.98x 1077 1.604 345
338 33x107° 0.1505 0.97x 1077 1.616 340

camera with Fuji black and white ISO 100 films. The
streak photographs give an integrated picture of the
flow field over the period of exposure.

3. DATA REDUCTION AND UNCERTAINTY

The local values of the thermophysical properties
of the working fluid in the enclosure were obtained at
a reference temperature referred to as a mean bulk
temperature of

To = 0.5(Tu+T0). )

The length scale used in calculating the Rayleigh num-
ber was H =150 mm+0.5%. The temperature
difference used in driving the Rayleigh number is the
difference in temperature of hot and cold walls, i.e.
the overall temperature difference. The major dimen-
sionless parameters that determine the structure of
a constant property flow in a differentially heated
enclosure are the Rayleigh number,

_gpTu—TOH
av

Ra 2)
the Prandtl number and the enclosure aspect ratio.
Cooling and heating water flow rates (steady state),
nominally 680 kg h™', are measured with a rotameter,
calibrated by a stop watch-and-bucket method to
within +3% for temperatures near ambient. The
highest temperature the walls were operated at was
about 60°C. The flow meter tended to read high by
about 3-5%, in addition to a decrease of approxi-
mately 2% in the fluid density. Partially offsetting
those two uncertainties is an error that increases about
3% at 25°C owing to non-linearity of the temperature
difference measuring period. Data are not corrected
for conduction through the neoprene gasket from a
heated wall to a cooled wall (about 5%), or for radi-
ation heat transfer from the hot wall to the cold wall
(about 2%). Insulation effect was examined for the
worst case (i.e. AT = 60°C). It was found that the
maximum heat loss was about 5%. Overall heat bal-
ance in the test section (total measured heat transfer
from hot wall minus total measured heat transfer to
the cold wall divided by total measured heat transfer
from the hot wall) was typically between +3% (for

the highest Rayleigh number) and + 5% (for the lowest
Rayleigh number) for steady state. In spite of this, the
overall heat transfer measurements were expected to
be within + 5% of the actual convection heat transfer
from each wall. Based on the aforementioned relevant
uncertainties and following Hsieh and Wang (3], the
maximum estimated uncentainties in Ra and Nu are 7
and 10%, respectively.

4. RESULTS AND DISCUSSION

4.1. Characteristics of the flow

Time evolutions of the temperature and flow fields
at Ra=4.12x10® were examined by using three-
dimensional perspective views of the flow field.

4.1.1. Midplane (z = 0.5W). Figure 3 contains a
series of streak typical photographs for Ra =
4.12x 108 4, = 1.2 and 4,; = 3 showing the transient
flow field from initiation to steady state. Observation
over time allows a description of the flow evolution.
The hot wall is on the right-hand side in all figures.
While there is a general symmetry in each picture, the
most striking features of the flow field are both its
complexity and the rapidity with which it evolves.
Figure 3 (a)-(h) shows the development of the flow
aty = 0.9H,0.1H (bothin the xz plane) and z = 0.5W
and 4,, = 1.2 for 4,; = 3, beginning at an elapsed time
of 30 s [Fig. 3(a)] and ending at 5 h [Fig. 3(h)]. The
timing of the figure is more widely spaced in Figs.
3(d)~(h) to allow the development to near steady state
to be obtained. Initially, the fluid is at a uniform
temperature of T, and motionless. A sudden differ-
ential heating at t > 0 at two vertical side walls (x = 0
and L) created sharp temperature gradients in the
proximity of the isothermal walls. In the central region
of the enclosure, the fluid is still at the initial uniform
temperature ; thus, the heated fluid near the side wall
x = L starts to rise, and the cooled fluid near x =0
moves downwards. Subsequent to this initial devel-
opment, the heated and cooled fluids flow along the
ceiling and floor of the enclosure, respectively, in the
opposite directions. This sequence shows formation
of a big anticlockwise eddy in the vertical mid-plane
(z = 0.5W). One minute later [Fig. 3(b)], the cir-
culation is already moving towards the hot wall. The
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) ) xz-plane, y=0.1H V
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Fig. 3. Streak photographs of the transient flow with 4, = 1.2, 4;; = 3 and Ra = 4.12x10%: (a) 30 s; (b)
905;(c)240s;(d) 10min; () 0.5h () 1 h;(g)2h:(h)5Sh.
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situation persists until Fig. 3(e) in which the eddy
breaks up, and in Fig. 3(f) two small eddies appear
near the hot and cold walls, respectively. The flow
subsequently evolves somewhat more regularly, until
one observes the near steady picture in Fig. 3(f).

The asymmetry of the flow pattern (in the xy plane)
shown in Fig. 3(b)-(d) may be caused by variable
viscosity in the present experiments, which resulted
in the cells and intrusion traveling upwards. This is
because the smaller viscosity in the portion close to
the hot wall leads to a larger upward velocity than the
downward velocity near the cold wall. This intrusion,
as well as the traveling cell, causes a transient tem-
perature distribution as evidenced by the later tem-
perature history which also, in turn, induces the vis-
cosity to change with time and space. The present
variable viscosity effect due to temperature change
therefore results in the flow unsteadiness under study.

Figure 3(b) shows that the intrusion has split at the
upper corner of the cold wall into two distinct
streams: one, the hottest fluid, traveling along the
ceiling, and the other diverging forwards to the center
of the cavity, forcing the anticlockwise cell back
towards the hot wall. In addition, a clockwise eddy
in the split region is also evident. This phenomenon
becomes more obvious [Fig. 3(c)] as time increases.
At 10 min [Fig. 3(d)], the split in the intrusion has
penetrated back to the divergence and the anticlock-
wise cell has become small and intensified. It has
begun migrating to the hot wall. The weak clockwise
circulation shown in Fig. 3(b) has virtually disap-
peared. The interior of the enclosure is being filled by
separated intrusion and the sharpness of the diverging
flow is retained. The remainder of the flow follows the
pattern. By 30 min [Fig. 3(e)], a distinct ‘lobe-like’
recirculation area adjacent to both the hot and cold
wall regions maintains the two intrusion streams. The
layering by the intrusion ultimately almost fills the
entire space. The streak photograph shows evidence
of vertical flow reversal as the upper half of the vertical
boundary layer detrains; the lower-half core flow
remains essentially parallel as it is entrained.

As time progresses, the layered intrusion is sub-
stantially accomplished, with a resulting near-stag-
nant interior core, except for the two regions near the
hot and cold walls. The reason for this may again be
the variable viscosity of the present liquid working
medium which breaks the symmetry of the flow
pattern. As mentioned earlier, due to an unsteady
temperature distribution the viscosity may change
with time and space. The unsteadiness near the hot/
cold walls shown in Fig. 3 (f) and (g) seems to be a
result of interaction between buoyancy and shear
force [6] but this effect decreases as time increases.
Finally, the photograph of Fig. 3(h) clearly demon-
strates the combined structure of the distinct boun-
dary layers and the near-stagnant interior core when
the flow approaches steady state. The time evolutions
of the flow fields portrayed above are qualitatively
consistent with those reported by Kublbeck et al. [7],

who considered a two-dimensional square enclosure.
Three-dimensionalities are only near the end walls. It
is worth noting that areas of weak vortices are found
in the regions near the isothermal vertical side walls
(x =0 and L) and the adiabatic vertical end walls
(z=0and W).

4.1.2. Horizontal planes (y = 0.9H and y = 0.1H).
Figure 3(a)-(h) also shows the time evolution of the
flow pattern at y = 0.9H and 0.1H. Away from the
centerplane (y = 0.5H), the flow is strongly influenced
by a three-dimensional effect. The flow is clearly
different from that at the centerplane (not shown),
with flows actually occurring within a region close to
the vertical end walls (z = 0 and W). It also shows the
end wall exerting a very large effect on the flow field.
This is because of the traverse flows (in the z direc-
tion), which are noticeable in Fig. 3(a)-(h) in the
enclosure, and a direct manifestation of the three-
dimensional nature of flow. Also, the flow appears to
be spiraling from the rear and front walls to the plane
of symmetry (z = 0.5W). There the flow follows out-
wardly directed helical paths, then in the outer wall
regions it spirals to the front and rear walls, respec-
tively, and finally the motion is transformed into an
inward spiral directed to the focal points on these
walls. This can be seen from the concave streak photo-
graphs of Fig. 3(a)—(h). This lateral motion may also
be due to the effect of variable properties of the present
working medium.

In summary, the dynamic development and stability
of the convection were studied in the range
6.9% 10" < Ra < 4.12 x 10%, It was found that a sud-
den application of a temperature difference to the
side walls of a cubical rectangular enclosure induces
a strong convection flow immediately. The flow and
temperature fields (discussed later) approach their
final structure within 30 min. For the case of
Ra=4.12x10* at Ay =3 and A, =1.2, the final
steady state is characterized by two cells in the mid-
plane near hot/cold walls, while in the intermediate
states a single vortex occupying almost the entire core
is observed.

4.2. Temperature history

4.2.1. The early phase (t < 15 min). Figure 4 shows
time evolution along the x direction at the midplane
(z = 0.5W) for t < 15 min at different elevations for
three different Rayleigh numbers. Starting with
Ra = 6.9 x 107, Fig. 4(a) at 1 = 1 min shows that near
the hot/cold walls, the temperatures are nearly strati-
fied. At this stage, the temperatures existing in the
interior core region at different elevations strongly
suggest that the existence of the hot fluid is not felt
and, consequently, the central zone was found to be
‘inactive’ (for instance, y = 0.5H). However, vivid
flow motion shown in Fig. 3 provides convection near
hot/cold walls as well as the top ceiling and the bottom
floor (for instance, y = 0.1H and 0.9H) resulting in
the magnitude of temperature having the following
sequence, i.e. 0|, _¢oy > O0l,_o.11 > 0],—0.55, Which is
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not stable. This situation persists until 7 > 4 min which
can be seen from Fig. 4(a) for t = 10 and 15 min. As
the Rayleigh number increases, this change happens
earlier, which is shown in Fig. 4(c) at 1 = 4 min, and
the temperatures in the core region eventually become
thermally stratified (¢ = 15 min). Generally speaking,
for Fig. 4(a)—(c), it strongly indicates that there are
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two regions inside the enclosure. One is an ‘active’
region and the other is an ‘inactive region’, as stated
earlier. The active region occupies a small part of the
enclosure which is in the vicinity of the heated/cooled
walls and horizontal walls.

Figure 5 shows time-dependent temperature dis-
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Fig. 5. Centered plane (x = 0.5L) time-dependent temperature distribution (¢ < 15 min) for 4,, = 1.2 and
Ag=3at (M) y=09H, (@) y = 0.5H and (A) v = 0.1H for the three different Rayleigh numbers: (a)
Ra =69x10"; (b) Ra = 1.38x10%; (c) Ra = 4.12 x 10%.
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(x = 0.5L) parallel to the hot/cold walls. Comparing
Fig. 5(a)~(c), the heat transport becomes strong as
the Rayleigh number increases, especiallyat y = 0.9H.
Figure 5(a)—(c) are similar and provide some evidence
for the result that throughout most of the enclosure
the temperature field is practically two-dimensional

21

because it is independent of the z direction and it is
linearly stratified in the vertical direction as time
¢t = 15 min.

4.2.2. The subsequent phase (0.5 <t < 5 h; steady
state). Figure 6 shows the vertical temperature dis-
tribution in the core of the enclosure at 0.5 <1 <5
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h for three different Rayleigh numbers. The stable
thermal stratification was obtained at r > 0.5 h. As
the Rayleigh number increases convection dominates
and, furthermore, temperature inversions were also
observed and are shown in the central portion
(0.125 < x/L £ 0.9) of Fig. 6(c) at y = 0.5H. These
inversions suggest that the flow immediately adjacent
to the vertical walls is so strong that it produces a high
rate of tangential convection along the heated wall
compared with the vertical transport of heat from the
surface of the heated wall across to the cooled wall.
At this stage (+ 2 0.5 h) simultaneous conduction in
the core of the enclosure is actually opposite to the
overall direction of heat flow. This behavior is similar
to the results of a previous study in the steady state
[3]. Following Fig. 7, one may observe the steady state
reached at ¢ > 0.5 h. The thermal stratified state was
dominant over the entire space. Again, Figs. 7(a)-(c)
are remarkably similar and the temperature field is
two-dimensional.

4.3. Duration of the thermal layer development (t,)

The duration of the thermal layering of the present
transient experiment, Fig. 8, can be predicted approxi-
mately by the scaling statement reported in refs. [8, 9]
for a two-dimensional enclosure. Following the
theory, the horizontal boundary layer development
should be complete when

+ H\™ ~1/4
t ~(Z> Ra (3)

where 17 is dimensionless time [¢/{H?/x)], based on
the vertical boundary layer (6) which has an order of
magnitude (x H Ra~'"*). The duration of the tran-
sient, t,, is obtained by dividing the thermal inertia of
the entire enclosure, (k;/a) HLWAT, by the end heat
transfer rate, KkHWAT]/d. For the experiments studied
herein, Table 1 depicts the duration of the transient
for three different Rayleigh numbers calculated and it
compares the results with those obtained directly from
the experiments shown in Fig. 8. The agreement in
both trend and magnitude seems good.

The difference in number is quite obvious because
the flow in three-dimensional enclosures is essentially
different from that in the two-dimensional cavity. The
internal wave motion seems to be expected in Fig. 8
at an early phase (r <6 min) for three Rayleigh
numbers. According to Patterson and Imberger [8],
for Ra > (Pr/Ap)* one should observe an internal
wave motion with the following frequency :

N
- 4
N TFPRETE 4)

where N is known as the Brunt—Vaisala frequency [10]
and has the form:

_ (v Ra)'?

N 78

%)

With equations (4) and (5), the internal wave motion
gives the corresponding period of the oscillation listed
in Table 2 for the present three Rayleigh numbers and
compared with those observed from Fig. 8. Again, the
trend coincides with those predicted, but the difference
in magnitude seems to be due to geometry changes.
Based on the above findings, it appears that the period
of the internal wave for three-dimensional enclosures
is higher than that for two-dimensional cases, and also
for the thermal boundary layer development period

t

4.4, Heat transfer rate
The Nusselt number was evaluated at the hot wall
Nu and it is defined as

Nu = 86, /ox+. (6)

Figure 9 shows the results indicating progression of
the flow to steady state for three different Ra values.
[t can be seen that steady state was finally reached at
36.2, 43.1 and 53.3 for the three corresponding Ru
values. For these three Ra values the increased steady-
state values indicate the increased importance of con-
vection as Ra increases. Evidence of internal motion
is found at Ra = 6.9x 107, Generally, the Nusselt
numbers at the hot wall monotonically approach a
constant value as the thermal boundary layer pro-
gresses across the enclosure and the temperature
gradients drive an extremely strong circulation, par-
ticularly for Ra = 4.12x 10* which results in a high
velocity, the presence of a boundary layer and a diver-
gence of the intrusion layer as they enter the core
(indicated by the tilt in streak flow patterns). Finally,
the streak patterns and isotherms are nearly parallel
in the core, showing the dominance of convection.
Also shown in Fig. 9 is a comparison of the present
results with those of previous investigators for both
the transient case [2] and steady-state results [11, 12].
It is found that the agreement for steady-state results
is extremely good but the transient results seem much
higher than the corresponding numerical prediction,
which perhaps indicates that the numerical model for
three-dimensional enclosures reported by Fusegi er al.
[2] is not adequate, although the working fluids used
in these two studies are different. They still need
improvement and further assessment.

Another important feature of the temporal
behavior of the Nusselt number at the hot wall is the
pronounced oscillations happening at three different
Ra values. The basic mechanism for this oscillating
nature was described in detail and discussed in ref.
[8]. These oscillations reflect the presence of internal
waves. The periods of oscillations are 30, 22 and 14
min for the three corresponding Ra values. The pre-
sent experimental observations strongly support the
existence of such oscillations in three-dimensional
situations. However, the periods observed are much
higher than that of Fusegi ef al. [2] (=5.3 min at
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Fig. 7. Centered plane (x = 0.5L) time-dependent temperature distribution (0.5 < t < 5 h) for 4, = 1.2
and Ay = 3aty = 0.1H, 0.5H and y = 0.9H for three different Rayleigh numbers: (a) Ra = 6.9x 107; (b)
Ra =138x10*; (c) Ra =4.12x 10

Ra = 10% in which numerical results for transient
three-dimensional natural convection in a differ-

entially heated cubical enclosure were reported. Such
a quantitative comparison can be seen in Fig. 9.

5. CONCLUSION

23

Transient three-dimensional natural convection in
a rectangular enclosure were studied experimentally
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Fig. 8. Midplane (z = 0.5W) time-dependent temperature distribution near the hot wall for different
elevations: (a) Ra = 6.9 x 107; (b} Ra = 1.38 x 10°; (c) Ra = 4.12 x 10%.

at Rayleigh numbers of 6.9 x 1074.12 x 10® for aspect
ratios of 4y = 3 and A4,, = 1.2 with silicone oil as the
working medium. The cell tested had one heated and
cooled vertical wall. The four remaining walls were
adiabatic. Time evolutions of flow fields through flow
visualization and temperature distribution measure-

ments were illustrated by the development of distinct
boundary layers along the isothermal walls and the
near-stagnant interior core. It was found that the oscil-
lations due to internal waves of the convection flows
still exist and the period of the oscillations appears to
be about six times higher than those from the ana-
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Table 2. Duration of transient and internal wave period for three different Rayleigh numbers and comparisons with previous
investigators (two-dimensional enclosures)

Predicted
values
H? Experimental Fluctuation
(tb = ———:) values Equation (5) Equation (4) I =2n/w ceases
Az Ra (1) [s~'] [s7'] [s] [s]
Ra=69x10 13.7 min 50 min 0.826 0.261 24 300
Ra = 1.38x 10 11.5 min 41 min 1.17 0.37 17 190
Ra = 4.12x10* 8.8 min 33 min 2.02 0.639 9.8 150
Ra=1.28x10° 37h 38h 0.55 0.55 11.5 NA+t
Yewell et al. [9]
+ NA, not available
100 100 ¢ —
90 F T
80 Nulo E' ««s presentstudy
A : ~—- Mark etal.[11]
70 pa - - Nobile et al.[12]
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60 P , 10° 10° 10 108, 10° 10"
pé'u A a4 A A A a4 47 54533
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Fig. 9. The dependence of hot wall Nusselt number on t and comparisons with previous investigations
[11,12].

1ytlcal prediction of two-dimensional flows at ber: a numerical study, J. Fluid Mech. 200, 121-148

Ra = 10°, Three-dimensional steady-state Nusselt
number results seem a little higher than those of two-
dimensional experiments. Moreover, streak flow pat-
terns strongly suggest that there is a three-dimensional
effect in the enclosure at Ra =4.12x10* and the
working medium such as silicone oil does affect the
transient flow behavior, due to its viscosity changes
across the enclosure. In spite of the different working
fluids used between the previous study and this study,
the previous three-dimensional numerical predictions
still seem to underestimate the heat transfer rates and
extensive experimental data for all kinds (rec-
tangular/cubical) of three-dimensional enclosures are
necessarily gathered in a further study.
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