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Oscillatory Motion of Natural Convection
in Rectangular Cavity¥

By Kenzo KITAMURA**, Kimikazu KOMIYAMA*#**, and Takeshi SAITQ*%%%

An oscillatory motion of natural coavection in a rectangular cavity has been

studied both experimentally and analytically.

Experiments were conducted mainly

in the case that the hot and cold surfaces were set up as the upper and lower half

walls of a side plate, and the other walls were insulated.

A periodic oscillation

of the hot and cold cells was found to occur by the flow visualization in a cer-

tain range of the Rayleigh numbers.

The influences of the Prandtl number and the

aspect ratios of the cavity on the oscillation frequency were also examined.
Unsteady two~dimensional equations, which govern a laminar natural convection,

were solved numerically to simulate the oscillatiom.

The calculated flow patterns

and oscillation frequencies were in fairly good agreement with the experiments.
From these facts, the applicability of above numerical schemes to the other sys—

tems of the oscillations was discussed.
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1. Introduction

An oscillatory motion of natural convec-
tion in an enclosed cavity has been observed
by several investigators. Powe et al.{(l)
made a flow visualization of natural convec-
tion within horizontal concentric annuli and
found that an ascending flow from the top of
a heated innmer cylinder began to oscillate
at a certain critical Grashof number in the
case of small gap width. Igarashi(z)’(3)
reported similar oscillations of the ascend-
ing flow from a line heat source which was
stretched horizontally in a rectangular or
cylindrical cavity as shown in Fig.1(a).
These oscillations can be grouped as an os-
cillation of ascending flow.

Contrary to this, a different type of
oscillation is presented in thig paper. We
tentatively call it oscillation of horizon-
tal flow. This oscillatory motion occurs
between unstably stratified hot and cold
cells in a rectangular cavity. One of typ-
ical flow configurations and thermal bound-
ary conditions are presented in Fig.1l(b).

These oscillating flows have Feceived
increasing attention in recent years. This
is due in part to recognition of the impor-
tance of natural convection at high Rayleigh
numbers. In many applications such as pas-
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sive solar house, thermal energy storage,
and crystal growth, regularly or irregularly
oscillating fluid motions caused by a natu-
ral convection often take place. Therefore,
it is worth while to classify and make clear
the fundamental mechanism of oscillations.

In the present paper, main concern is
focused ou the oscillation of horizontal
flow in the case of Fig.l(b), in which only
Kiblbeck et al.(4) predicted its existence
analytically. Their numerical scheme and
obtained results, however, have contained
some errors, and it was doubtful whether the
actual phenomena could be simulated.

Considering the above, detailed experi~
ments in the case of Fig.1l(b) are conducted.
The flow patterns within a rectangular cavi-
ty are categorized into three regimes;
steady, periodically oscillating, and irreg-
ularly oscillating(turbulent) natural con—
vection, respectively. Especially in the
periodically oscillating regime, the onset
and the end of oscillation and also the os~
cillation frequency are measured. The ef-

] fects of Prandtl number and the aspect ra-

tios of the cavity on the oscillation are
examined experimentally.
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Fig.l Oscillatory flow
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The momentum and energy transport equa-
tions, which govern an unsteady two-dimen-
sional natural convection, are solved numer-~
ically to simulate the oscillation. It is
revealed that the analytical results well
predict the oscillatory flow and heat trans-
fer. The three-dimensional behavior of con-
vection in a cavity is also investigated ex-
perimentally.

Summarizing these results, general
guidelines are proposed to show under what
flow configurations and thermal boundary
conditions the oscillation should appear.
Several oscillatory motions of ascending and
horizontal flows are newly found by using
these guidelines. The applicability of
above numerical schemes to these oscillatory
flows is also discussed.

Nomenclature

overall height of the heat transfer
surface(see Fig.2)
cross-sectional aspect ratio(=b/q)
width of the cavity(see Fig.2)
length of the cavity(see Fig.2)
lateral aspect ratio(=c/aq)
oscillation frequency

: dimensionless frequency of oscillation

(=fa?/v)

Q

‘?%QQ (Sl N

g: gravitational acceleration

h: heat transfer coefficient

Ny : Nusselt number(=ha/)\)

Pp: Prandtl number(=v/0)

Ra: Rayleigh number(=g8(Ty-Ts)a®/av)
T : temperature

u,v: velocities in thex and y directions
ufv*: dimensionless velocities

(=u/ug or v/ug)
ug : characteristic velocity(=0/qa)

x: co-ordinate in the horizontal E A

direction(see Fig.2)
: dimensionless co-ordinate(=x/a)
Y: co-ordinate in the vertical
direction(see Fig.2)
dimensionless co-ordinate(=y/a)
2: co-ordinate in the lateral
direction(see Fig.2)
0: thermal diffusivity
B: volumetric coefficient of expansion
with temperature
Y,P*: stream function and dimensionless
stream function(=y/aug)
A: wavelength and thermal conductivity
w,w*: vorticity and dimensionless vorticity
(=aw/ug)
V: kinematic viscosity
8: dimensionless temperature(=(T-Ts)/(Th-Ta))
T,T*: time and dimensionless time(=T0/a?)

2. Experimental Apparatus and Measurements
The present experiment was conducted

with a rectangular cavity as schematically
illustrated in Fig.2. The heat transfer ~"e.
surface consisted of a pair of copper plates
of the same size. The upper plate was cool-
ed by the chilled water and the lower plate
was heated by an electric curreant through
the stainless foil heaters, which were em—
beded behind the copper plate and insulated
electrically. Both plates were maintained
at constant but different temperatures and
installed on one side wall of the rectangu-
lar cavity.

St. Foil
Heater

Heat transfer surfaces of 20, 40, 60,
and 80mm in overall height were utilized in
the present experiments. The surface temp-
aratures were monitored at several locations
of the plates with Chromel-Alumel thermocou-
ples of 100um diameter, which were welded
behind the copper plates. The temperature
distribution shows an acceptable uniformity
within the range of #0.25K for each plate.

All the walls of the cavity were con~
structed with acrylic resin plates of 10mm
thickness. 1In order to make a flow visual-
ization and a temperature measurement within
the cavity, the slit and the small holes
were installed at the top or counter wall.

Air and partly water were used as a
working fluid. The temperature difference
between the hot and cold isothermal plates
was kept within the range of 5 to 30K, and
the bulk fluid temperature was maintained
equal to the ambient room temperature. This
was an arrangement to insulate the walls of
the cavity except for the heat transfer sur-
face.

A C-A thermocouple probe of 50um dia-
meter was used for the fluid temperature
measurements. The flow visualization was
achieved by a transverse illumination in the
x~y plane, and tabacco smoke for air and al-
uminum powder for water were introduced into
the cavity to render the flow pattern visi-
ble.

Thermo-Couple
Aspect Ratio
=b/a

4& C=c/a
2

St pcrilic Resin
Plate

Copper

Plate -~
C/A Thermo-
Couples

Fig. 2 Experimental apparatus

3. Numerical Analysis

The numerical analysis and calculation
techniques for a laminar and two-dimension-
al natural convection in an enclosed cavity
have been developed by many previous work-
ersvﬁ)f(e). Present analysis was done by
almost the same procedures as above except
for some corrections in the stability and
convergence for the numerical calculations.
Therefore, the following descriptions are
limited to the outline of our analysis.

The following three conditions are as-
sumed to simplify the problem:
1) The flow in the cavity is two-dimension-
al, laminar, and incompressible.
2) Physical properties of the fluid are
constant except for a gravitational term.
3) Usual Boussinesq approximation can be
applied.
Thus the governing equations for a nat-

NI | -El ectronic Library Service



The Japan Soci ety of

Mechani cal Engi neers

ural convection in Cartesian co-ordinate
systems are non~dimensionalized and repre-
sented as follows;

Energy transport equation:

96/9r* + 1" 36/ ax* + v°* 36/ oy*
=3%6/3x**+ 5°6/3y*’
Vorticity transport equation:
o /3 + u" 0w /3x* + v dw* [ oy*
=P w* /x> + 3w [3y**)
+GrP?o0/ox*
Poisson equation for stream function:
m-=_(az¢a/atﬁ+az¢c/3y-’) ............... (3)

where the asterisks in the above equa-
tion indicate non-dimensionalized values
as follows;

x*=z/a, y*=yla, u*=ulu
*=v/ue, w*=awlu., ¢*=¢/(aus)
r*=ar/a®, Pr=yla,
0=(T"TC)/(TI¢_TC)
Gr=gB(Th— T)a*/V?,

w=ala, Ra=G.,P,

Following boundary conditions are given;

Go=1 (0<y*<1/2) }

8u=0 (1/2<ys<p ) 3t £7=b/a e (5)
(36/ar*) 0 =0 at z'=0 } ...... (6)
(30/3y‘)u=0 at y‘=0. 1
¢o=0 at walls
Wo=—=2¢5:1/dxr* at side walls ! ---(7)
- * %] tt d
W= —2¢5-1/dy gottgxg 32113
Also the initial conditions are;
6=1/2 O\ e o, (8)

} at r<0
¢'O=w‘= ul=vt=0

The spatial second order derivatives
of the diffusion terms of Eqs.(1)-(3) and
the convective terms of Egs. (1) and (2) are
approximated by using the second order cen-
tral and upwind differences, respectively.
The latter differentiation method is adopted
to achieve stable numerical calculations.

The finite difference equations of Egs.
(1) and (2) are solved by using the ADI
method because relatively large time steps
are permitted. Eq.(3) is calculated by the
SOR method for each time step until iterated—
values become less than a certain 1imit.

2465

4. Results and Discussions

4.1. Visualization of oscillatory flow

and numerical result

In order to categorize the flow patterns
in a rectangular cavity as shown in Fig.
1(b), visualization is made to take instant—
aneous photos for comparison with the analyt-
ical result computed with the same Rz and Pr
numbers. The following several sets of pho-
tos correspond to the experimental condi-
tions of a cross-sectional aspect ratio 4=I
(square cavity) and a lateral aspect ratio
C=5. Figs.3 and 4 represent the stream
lines in the low Ra number region and they
are both obtained from the experiments and
analysis, respectively.

The analytical results in Fig.4 are
plotted as contour bands, each representing
10% of the overall difference between maxi-
mum and minimum values of a stream function.
The same illustration is made about the iso-
thermal bands as presented in Fig.7(b).

In Fig.3, the low temperature cell at the
upper and the high temperature cell at the
lower part in the cavity rotated steadily
in the clockwise and counter-clockwise di-
rections, respectively. The working fluid
is air. These steadily rotating cells were
also confirmed by the analysis as shown in
Fig.4.

With a gradual increase in Ra number,
the interface between hot and cold cells
begins to fluctuate and finally an oscil-
lation with reciprocal enlargement and re-
cession of each cell occurs. These oscil-
latory flow patterns for air are photograph-
ed continuously at a constant time interval
through one period of the oscillation and
presented in Fig.5.

The same phenomena are observed with
water., The visualized and computed results
with the stream lines and the temperature
distributions are compared under the same
conditions and shown in Fig.6, Fig.7(a), and
(b), respectively. From the stream lines
presented in Figs.6 and 7(a), it is seen
that the present analysis well predicts the
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Fig.3 Steady rotating Fig.4 Analytical result
cells at low Ra No.(Rq of stream function in

=7.03x10%, a=40mm,air) the case of Fig.3

1=2.1 s t=2.8 s

Fig.5 Visualization of periodically oscillating flow(Ra=2.06x10°,a=40mm, air)
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Fig.6 Visualization of periodically oscillating flow(Ra=7.23x103 a=20mm,water)

(Values of 8; 0=0.0-0.1, C=0.6-0.7, D=0.8-0.9)
Fig.7(b) Analytical result of temperature distribution in the case of Fig.6

actual phenomena in its flow patterns and os-—
cillation period, though there are some dif-—
ferences in the locations of cell centers.
The calculated temperature distributions
also indicate that the high and low temper-
ature regions penetrate into each other with
the enlargement and recession of cells.

With further increase in Rz number,

there appear small cells at the corners of . ) T i

the cavity. The flow patterns in the cavity N i ”

show complicated three-dimensional features Fig.8 Irregularly oscillatigg cells at

and the oscillating flow gradually loses its high Ra No.(Ra=1.08x10°,a=80mn,air)

periodicity. But even at the maximum Ra

number, Ra=6x10%, which we can attain, the r——-———- Smin. {

oscillation of hot and cold cells is still’ A ARARA U AR AT RN L{\x

observed as iS presentEd in Fig's' The LAMALSAAAAASAAALAARASAL] V'V!Ill'f ('\;

computed results at the same Ra number show ¥

the oscillation at first several time steps, Fig.9 Output signals of temperature fluc-

but diverge finally. tuation(Ra=1.08x105 a=80mm,air)
Summarizing these results, the flow

patterns in the present rectangular cavity TTTTTT] T T T T

can be classified into three regimes, namely, a(mm)

steady flow regime at low Rz number, period- ® 20

lcally oscillating flow regime at interme-~ 100 o 140

diate Rq number, and irregularly oscillat-
ing or turbulent flow regime at high Ra num-
ber. The periodically oscillating flow is
considered a laminar flow from the fact that

A 60 a
o 80 AIR a

T rIIT]
el

The fluid temperature at the center of
the cavity cross-section is monitored with
a thermocouple probe and its output signal
is recorded by a pen-recorder. Fig.9 is a Leoo] B WA —
typical example of the output signal, which 10° 10° Ra
shows a sinusoidal cyclic fluctuation.
The period of these temperature fluctuations
is confirmed from a visualization to coin-

the laminar analysis can simulate the oscil- _ ii—r——’ \\\gggﬁgggal .
lation. 1In the next section, special atfen- 33
tion is paid to this periodically oscillat- rr 7
ing flow and the fundamental mechanisms of + °
. . . . ~ Gy
oscillation are investigated experimentally. 10
4.2. Oscillation frequency and cavity f1 3
ooy and cavity flow WATER ]

A=1

l'l|ll|
[ ]

Fig.1l0 Non-dimensional frequency for pe-
riodically oscillating flow
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cide with the oscillation period of the flow
in the cavity. Using this fact, the oscil-
lation frequency is measured by counting the
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number of cycles per unit time.

The frequencies thus obtained are from
5 to 20 eycles/min. for air and from 2 to 4
cycles/min. for water in the present experi-

ment. These frequencies are non-dimension-—

alized using a height of heat transfer sur-
face and a kinematic viscosity of fluid and
they are plotted with the Rg number as an
abscissa. Fig.l0 represents the results
about the case of a square cavity. The nu-
merical results are also illustrated for
comparison. The start and end of the lines
correspond with the computed onset and end
of a periodic oscillation, respectively.

Non-dimensional frequencies are the
linear functions of Ra number for each fluid
of water and air. Comparing the frequencies
obtained from the analysis with the experi-
ment, they are in fairly good agreement in
the case of water, and for air the former
gives 10 to 20% lower values than the latter,
but their dependency on Ra number is quite
similar. Also the onset and end of the os-
cillation are well predicted by the present
analysis except for the omset of water.

The influence of aspect ratios of the
cavity on the oscillation frequency is also
examined experimentally by varying the cross=—
sectional aspect ratio 4 from 1/2 to 2 and
the lateral aspect ratio € from I to 5.

It is revealed that the oscillation frequen-
cies are little affected by the aspect
ratios within the range of present work.

But the onset and end of oscillation shift
to the higher Rg numbers with a decrease of
aspect ratio.

In order to answer the question whether
the oscillation in the cavity can occur in
the same phase throughout the lateral direc~-
ction z, the flow patterns are visualized
transversely at two cross-sections with
different 2 locations. The experiments are
conducted by using a pair of slits installed
at the counter sidewall of the cavity. One
of the representative photos 1is shown in
Fig.1ll. As is obvious from the figure, the
cold cell at near side is recessed to the
corner and expanded at far side. This in-
dicates that the phase of the oscillation
differs in the z direction, and the flow in
the cavity has a waviness.

Fig.12 Schematical illustration of cavity flow

T T T 11T
o a=40mm .
C=5 - N
® a=60mm
— o
o 5 ]
. -
[ ) . ]
9 g
Fig.1ll Visual- B o) n
ization of cav- B o o —
ity flow at twe L.O[— —
cross-sections B e C=t —
(Ra=2.65x10°,a= ~ o C=2 Q=40
40mm, air) — -
B -
o5l tiigil Lol .
10° Ra 10

Fig.13 Wavelength in the z~-direction

Summarizing these results, the flow
patterns in the cavity are schematically il-
lustrated in Fig.1l2. The magnitude of these
waves is measured in the following way. A
pair of thermocouple probes are located at
the center of the cross-section. Their sig-
nals are monitored by a pen~recorder as
shown in Fig.9. One of the two probes is
fixed and the other is traversed in the z-
direction, then the phase of recorded sinu-—
soidal signals is shifted from each other
with an increase of the distance between the
two. At a certain distance in the z-direc-
tion, both signals oscillate in the same
phase again. This distance is considered
a wavelength of the oscillation and it is
therefore measured under several conditions.

The wavelength thus obtained is normal-—
ized with a height of the heat transfer sur-
face and plotted in Fig.13. Ra number is
chosen as an abscissa. The wavelength of
the oscillation is about I to 1.5 times
greater than the height of the cavity and it
becomes smaller with an increase of Rg num-—
ber. The reason why this wavy feature can
exist in the cavity has not been obvious.

So the future work will be needed. However,
from the fact that the oscillatory motion
can be simulated by the two-dimensional
analysis, the three-dimensional waves may
not strongly affect the oscillation.

4.3, Heat transfer and oscillating flow
Time-averaged, overall heat transfer
coefficients for the hot and cold surfaces
are investigated to determine the influence
of oscillation. The heat transfer coeffi-
cient for natural convection in a cavity is
generally small. Especially as for the pre-
sent case, the hot and cold surfaces are in-
stalled at the nearest location, and most of
the heat deposited in the heater leaks out
to the chilled water through the acrylic
resin plate. Therefore, the surface heat
flux, which is necessary to calculate the
heat transfer coefficlent, 1s measured using
the heat flux extrapolated from the fluid

_temperature gradient near the heat transfer

surface in this experiment.

Fig.14 represents the Nusselt number
based on the time-averaged heat flux at the
center of the heated plate. For comparison,
the overall Nu number computed from the pre-
sent analysis is also illustrated in the
figure. The analytical result is time-aver—
aged through one cycle of oscillation. Both
data are obtained in the case of a square
cavity. The Mu number is almost constant in
the low Rg number region, and it increases
abruptly beyond the critical Rz number.

This Ra number corresponds to the onset of
vscillation, in the present case the oscil-
lation starts at Ra=8xI10". Above result
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indicates that the osecillatory flow in the
cavity enhances the heat transfer very much,
which is also confirmed by the present anal-
ysis.

4.4. Oscillation of horizontal and ascending
flow

In the previous sections, main concerns
were focused on the oscillation of horizon-
tal flow, especially in the case of Fig.1l(b).
In this section, several discussions are
made to answer the question under what flow
field configurations and thermal boundary
conditions the oscillatory flow could occur.
The appearance of an oscillating flow has
been believed to be a special case by the
previous workers as was mentioned in Chap-
ter 1. Reviewing these previous and pre-
sent studies, the following conditions for
the occurrence of the oscillations could be
proposed:

(1) More than a pailr of cells should exist
in the cavity.
This is a premise, and
(2) In the case of an oscillation of as-
cending flow, the cell interface should
be separated vertically,
or
(3) In the case of an oscillation of hori-
zontal flow, the cell interface should
be separated horizontally and should
be thermally unstable.
These are necessary, though not sufficient,
conditions for the occurrence of oscillat-
ions. Based on these guidelimes (1) to (3),
the thermal boundary conditions, which are
illustrated in Figs.15(a) and (b), are se-
lected and investigated to certify the os-
cillations of horizontal and ascending flow,
respectively.

Fig.16 represents the visualized flow
patterns for the boundary conditions of Fig.
15(a) . The computed stream function distri-
butions obtained with the same Ra and Pr
numbers are also shown in Fig.17. The os-
cillation of horizontal flow, in which two
pairs of hot and cold cells at the corners
are recessed and elongated in the diagonal

P Adigbatic Wall

T 71|x|u] T ]Il)l”[ T lllll”}

®
S A=1 AIR
i Numerical }
4 results —
= |
3 a(mm) 7
e 30 h
2 o 60
i a 9
0o 20 )
s lon] Lo Lyl Lt gl :
5 10 5 10°% 5 10° gy

1=0.9 s

Fig.l4 Oscillating flow and beat
transfer coefficient

direction, is observed, It is obvious from
Fig.1l7 that the present analysis succeeded
in predicting the oscillation of horizontal
flow.

For the case of Fig.15(b), the oscil-
lation of ascending flow is found to exist
by the experiment. Photographs are present-
ed in Fig.l18 for a half period of the oscil-
lation. On the other hand, the computed
stream function distributions in Fig.1l9 show
a steadily rotating pair of cells even at
the same or much higher Rq number than the
experiment.

The present analysis was also canducted
to simulate the oscillation of ascending
flow from the line heat source as was ob~
served by Igarashi(3 but it failed.

From these results, two conclusions
could be drawn. First, the occurrence of
oscillatory flow in the cavity is not so
special as has been considered, and can be
forecast by using the above guidelines (1)
to (3). Second, present numerical analysis
simulates the oscillations of horizontal
flow in its flow pattern and oscillation
frequency, but is incapable of predicting
the oscillation of ascending flow.

The oscillations of horizontal and as-
cending flow discussed above could be close-
ly correlated with the stability problems
of the thermally stratified flow and thermal
plume, respectively. 1In view of the appli-
cability of the present analysis, the fun-

damental mechanisms of both oscillations
are thought to bhe quite different,
=1.8 s 1=2.7 s

Adiabatic Wall

Fig.15(a) Oscillation
of horizontal flow

Fig.16 Oscillating flow in the case of Fig.15(a) (

Ra=2.60x10"
a=40mm, air

————Cold
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T2 277 77
= "Cold-
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Hot

(b) Oscillation of
ascending flow

]
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Fig.l7 Analytical result of stream function in the case of Fig.l5(a)
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Fig.18 Visualization of oscillatory flow in the
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Fig.l9 Analytical result of
stream function in the case
of Fig.l5(b)

case of Fig.15(b) (Ra=8.50x10% a=40mm, air)

5. Concluding Remarks

The oscillatory motion of natural con-
vection in a rectangular cavity, in which
the hot and cold surfaces were mounted at
the upper and lower half walls of a side
plate, was mainly investigated in the pre-
sent study.

Both the experiments and the
were conducted, and the following
sions were obtained;

(1) The flow patterns in the cavity are
classified into three regimes; steady,
periodically oscillating, and irregular-
ly oscillating or turbulent regimes,
with an increase of Ra number.

Present two~dimensional laminar flow
analysis well predicts the steady and
periodically oscillating flows.

The non-dimensionalized frequency of the
oscillation is determined by Rz number
for each fluid of air and water.

and
The heat transfers at the hot and cold
surfaces are enhanced by the oscillatory
flow.

The oscillating flows were newly found
for several cases of natural convection in
a rectangular cavity through the present
experiments. It has been revealed that the
present amalysis can be applied to the hori-
zontal flow oscillation.

analysis
conclu—~

(2)

(3

(4)
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