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Abstract—Centrifugally driven thermal convection has been studied experimentally in a rectangular
cavity of length 27-94cm, height 262cm, and width 2:54cm. The cavity was heated from above and
cooled from below and rotated about a vertical axis passing through the center point of the cavity. The
cavity was filled with silicone oils having Prandtl numbers of 7 and 3000, and rotated up to 565 rev/min.

The Nusselt number for heat transfer from the top to bottom surfaces varied as the 0-4 power and
the 0-25 power of the imposed temperature difference for the low and high Prandtl number fluids,
respectively, and as the 0:25 and 0-3 powers of the centrifugal acceleration evaluated at the outer edge
of the cavity. A dimensionless radial centerline temperature gradient was obtained and found to be

independent of both rotational rate and imposed temperature difference.

NOMENCLATURE
A, centrifugal acceleration w?a [ems™2];
a, half-length of rectangular cavity [cm];
b, height of test section [cm];
C,, specific heat [calg~!°C~1];
g, gravitational acceleration, = 980 cm s~ 2;
i, electrical current [A];
k, thermal conductivity [cals ™' cm™!°C~!];

Nu, Nusselt number;
0, heat-transfer rate [W];
R, electrical resistance [Q];

r, distance from axis of rotation [em];
r*, dimensionless distance r/a;
T, temperature [°C].
Greek symbols
o coefficient of thermal expansion [°C™'];

B, thermal Rossby number «AT/8;

AT, temperature difference T, — T [°C];
A Ekman number 2v/(wb?);
6, dimensionless temperature
(T—Tp)Tr— Tehocal ;
v, kinematic viscosity [em?s™17;
2, density [gem ™3],
a, Prandtl number;
w, angular velocity {s7!].
Subscripts
Gr,, rotational Grashof number w?axATh3v~?;

Qcona, heat transfer by conduction alone;
Qr, heat loss;

Onet, heat transfer through test section Q7 —Q;;
Qr, total heat input, = i?R;

Ra,, gravitational Rayleigh number ogaATh3v ™ 2;
Ra,, rotational Rayleigh number ow?axATh3v~2;
Tave, average fluid temperature;

T,  bottom surface temperature;
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Chemicals

Tr1, Trz, Trs, top surface temperatures at
positions 1, 2, and 3, respectively;

Tp1s Tpa, Tpa, Tps, Tps, temperatures measured by
probes at positions 1 through 5, respectively;

0:,0,,03,04,05, dimensionless temperatures at
positions 1 through 5, respectively.

INTRODUCTION

CONVECTION is produced in a fluid by the coupling
of a density gradient and an acceleration which is
normal to the gradient. An example of this is free
convection in which the gravitational acceleration is
normal to an imposed horizontal temperature gradient.
In a similar manner the centrifugal acceleration can
induce convection in a rotating fluid. Consider, for
example, a fiuid in a closed container which is rotating
about a fixed axis at a constant rate; if the system is
isothermal it will be in solid body rotation. Now im-
pose a temperature gradient normal to the centrifugal
acceleration, say, for example, paralle!l to the axis of
rotation. Motion in the fluid relative to solid body
rotation will be induced and this motion will produce
an increase in heat transfer over that which would
occur in the absence of convection. Since the centrifugal
acceleration can be made very large, the possibility of
high rates of heat transfer exists. It is thus of interest
to determine the rate of heat transfer and the tem-
perature distribution in such rotating fluids and to
compare the behavior to previously studied problems
in stationary natural convection.

It was shown by Schmidt that significant heat-
transfer rates could be effected by means of internal
water cooling of turbine blades [26]. Since that time
there have been several studies on convection in a
closed loop rotating thermosyphon [5,23] and in
rotating tubes [3, 13, 19-22, 25,27]. These works in-
clude mathematical analyses of tubes which rotate
about an axis either normal [20, 21] or parallel [22]
to the axis of the tube. In each of the experimental
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investigations [3, 13, 19, 25] motion in the tube is pro-
duced both by the action of the centrifugal acceleration
acting on a density gradient and by an externally
imposed pressure gradient.

Another class of problems has also been studied,
viz. convection in a right circular cylinder which rotates
about a vertical axis and which is heated from above
and cooled from below. Motion relative to solid body
rotation is thus solely induced by the coupling of the
vertical temperature gradient and the centrifugal
acceleration acting in a horizontal plane. Although
most of the investigations were mathematical [9-12, 24]
there has been one recent experimental study [1,2].
This geometry has received interest because it is
amenable to mathematical analysis and to inter-
pretation of experimental data. When the Ekman
number is small (large rotational Reynolds number
which occurs at high rotational rates) the vertical tem-
perature gradient coupled with the Coriolis acceler-
ation drives a tangential flow relative to solid body
rotation; this tangential flow induces a secondary
radial and axial motion which convects heat between
the warm and cold surfaces. When the ratio of cylinder
radius to height is large, the temperature is independent
of radial position except in a region near the side wall
of the cylinder.

A related problem, viz. convection near a rotating
plate has also been treated mathematically [4, 14-18].

In this paper we describe an experimental study of
centrifugally driven convection in a rectangular cavity.
A sketch of the geometry being considered is shown
in Fig. 1(a). The cavity is completely closed, filled with
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F1G. 1. (a) Horizontal rotating cavity. (b) Stationary
vertical cavity.

fluid, and rotated about a vertical axis passing through
the mid-point of the cavity. The top surface is heated
and the bottom is cooled. The system has the following
characteristics. First, it is enclosed and no external
pressure gradient is imposed. Thus, when the fluid is
not heated, the system is in solid body rotation. In such
a system the characteristics of centrifugally driven
thermal convection can be studied without the com-
plicating influence of an externally produced flow.
Secondly, since the cavity is not axially symmetric, a
strong tangential flow relative to solid body rotation
cannot be induced and the system resembles geometries
of practical interest more closely than a rotating
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cylinder. Thirdly, the results of study on this geometry
allow comparisons to be made between rotating and
non-rotating natural convection, since, as can be seen
from Fig. 1(b), the system is analogous to natural
convection in a vertical, stationary cavity which is
heated and cooled on opposite sides.

Measurements were made on the rate of heat transfer
from the top, heated surface to the bottom, cooled
surface and of the temperature distribution along the
centerline of the cavity.

EXPERIMENTS

The experiments were carried out in a rectangular
cavity of height 2-62cm, width 2-54cm, and length
2794 cm. Two silicone oils (Dow Corning 200 Fluids)
having nominal viscosities of 0-65 and 350cS were
used. The cavity was rotated up to 565rev/min or up
to rotational Grashof numbers of 10°. (The rotational
Grashof number is defined by replacing the acceleration
of gravity in the normal Grashof number by the
centrifugal acceleration at the outer edge of the cavity.)

Apparatus

Details of the apparatus are shown in Fig. 2. The
rectangular cavity test section is formed by two
aluminum plates and a plastic sidewall. The top bound-
ary is a rectangular slab of aluminum 30-48 x 5-08 x
1-27 cm thick, with a heating element imbedded in the
top side. The bottom boundary is a disk, 3556 cm in
diameter and 1-27 cm thick drilled to locate and hold
the test section centered on the horizontal turntable.

Connections to 2|
potentiometer +— = < Slipping - brush assembly
and power supply -

[« v-pulley

{:Bt B3 «—Stationary housing and bearing
L:l Overflow tube
Heated
Jb i plate
Test fluid | Piastic sid
Cooled
E 7 lumi disc
] .
Cooling section
-1
+——Rotating frame

<= Stationary housing and bearing

=

Coolin -~
water flow ___‘b

<—— Rotating union

F1G. 2. Schematic diagram of apparatus.

The sidewall is made from four separate pieces of
1-27 cm thick cast acrylic plastic cemented together to
form a box with inside dimensions 27-94 x 2:54 cm and
then cut down to & height of 2-54 cm.

The test section was assembled together using
20 $-20NC nylon studs threaded into tapped blind
holes in the lower disk, passing up through holes drilled
in the acrylic sidewall, and fastened above the top
aluminum surface with washers and nuts.

A seal was effected between aluminum and plastic
surfaces by O-rings pressed into grooves in the
aluminum surfaces.
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Table 1. Physical properties of Dow Corning 200 fluid

Low viscosity oil

High viscosity oil

* Density (g/cm?)

*Coefficient of thermal
expansion {°C™1)

*Thermal conductivity
cal/(scm °C)

*Specific heat C,
cal/(g°C)

*Kinematic viscosity
{cS}

tKinematic viscosity {3}
constants for equation
log,ov=AT+B

A= ~444x1073°C!

= 948 x 1072

3761 4670
000134 0-00096
0-00024 0-00038
0-349 0-349
065 350

A= —843x 107%°C?

B=2723

*Value at room temperature supplied by manufacturer.
tDetermined by Ostwald Viscometer Technique.

After assembly, the inside dimensions of the tfest
section were 27-94 x 262 x 2-54 cm. An overflow tube
was screwed into a tapped hole in the center of the
top aluminum plate to allow for filling the cavity and
to provide an outlet for expansion and contraction
of fluid.

The heating element in the top surface is a 33-gage
chromel-alumel “Thermopak” Thermocouple pair
connected in series. The bottom disk was cooled by
a flow of water which enters the rotating frame through
a rotary union, flows around a baffle in the cooling
section, and back out the union.

As noted above, the top plate was heated electricaily.
However, since it was made of $in aluminum, the
desired constant temperature boundary condition was
obtained under most conditions. This is discussed
further in the section on “Results”.

The rotating frame and test section are free to rotate
in ball bearings in a stationary housing in the shape
of a box open at one end. The lower axle carries the
coolant flow, while the upper axle carries wiring to a
slip ring-brush arrangement at the top where signals
are removed from the rotating components. The upper
axle also carries a pulley which is driven at constant
speed by an electric motor acting through a gearbox
and belt drive.

Surface temperatures were monitored by three
copper—constantan junctions inbedded in each of the
top and bottom aluminum surfaces. The top surface
junctions are at distances of 2-54, 635 and 11-43¢m
from the center. The bottom surface junctions are
focated at distances of &, 698 and 13-34cm from the
center.

Five thermocouple probes are introduced into the
test section through adapters mounted halfway up the
plastic sidewall. The adapters provide for sealing
around the {-040-in dia probe sheaths and also permit
adjustment of insertion depth. The probes are produced
by Thermo-couple Products Company and have an
exposed copper-constantan junction at one end with
an internal connection to extension wires at the other.
Errors caused by conduction along the wires are
minimized since the probes were normal to the imposed
temperature gradient.

Runs were made with and without the thermocouple
probes. The probes had no measurable influence on
the heat transfer-temperature difference relationship.

Of the five measuring junctions, the outer four are
located at distances of 2-54, 698, 10-80 and 13-65cm
from the center throughout the experiments. The fifth
probe is in the center for experiments with low viscosity
oil, and 1-27cm from the center for experiments with
high viscosity oil. The location of the center thermo-
couple was changed in an attempt to determine the
extent of the center “end effect” zone.

Thermocouple voltages are read on a precision
potentiometer with an accuracy of better than 1 uV.

The physical properties of the Dow Corning fluids
used in the study are shown in Table 1.

Experimental procedure

The variables controlled during experimental work
were current to the heater, cooling water temperature,
and rotational speed. The current and coolant tem-
peratures were adjusted to give a range of temperature
difference from 10 to 25°C. Rotational speed was
adjusted by selecting a pulley combination. Speeds of
0, 264, 430 and 565 rev/min were used.

Top and bottom surface teraperatures were adjusted
during experiments such that the average of the two
temperatures was equal to room temperature. Since
physical properties, particularly viscosity, were evalu-
ated at this average temperature, they remain relatively
constant throughout, making runs at constant
rotational speed equivalent to rons at constant Ekman
number.

Total heat input was calculated from resistance heat-
ing. The heat lost to the surroundings through in-
sulation and the heat conducted down the acrylic
sidewall were measured by filling the test section with
a solid piece of plastic which has a known thermal
conductivity and which cannot convect heat during
rotation. The heat loss, calibrated against temperature
difference, is subtracted from total heat input to yield
Onet» the heat transferred through the fluid in the test
section by conduction and convection together. A
direct measurement of temperature difference is made
using a technique incorporating a measurement of the
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Table 2. Heat-transfer results

Run Or Onet Ty Ty, Tr2 Trs A
No. (W) (W) °C) °Q) °O) °0) (°C) Nu B x 10° £ x 10°
264 rev/min, 0:65cS oil
1 7-66 6-06 17-48 28-03 27-42 26-86 9:96 22:5 1:67 673
2 11-14 9:00 15-35 30-03 29-10 28-23 1377 24-1 231 675
3 15-20 1251 13-36 32:26 31-06 29-82 17-69 26-1 296 675
4 2062 17-28 11-14 3518 3365 3163 2235 285 374 674
5 23-86 20-19 1001 3665 3477 32:77 2472 30-1 414 674
430 rev/min, 0:65cS oil
6 816 595 19-83 2881 28-19 27-67 839 262 1-41 407
7 12:92 10-08 1724 3046 2949 28-54 12-26 303 2:05 410
8 1878 1527 1462 32:38 31-12 29-60 16-41 343 275 412
9 2467 20:57 13-68 3538 3372 31-80 1995 381 334 4-08
10 3199 2705 10-61 38-18 3594 3318 2515 397 421 410
565 rev/min, 0-65 ¢S oil
11 9-67 702 19-78 29-08 2847 2776 8:66 299 1-45 309
12 1571 12:01 17-76 3147 3040 29-25 12-61 351 211 310
13 22-98 18-07 15-67 3434 3295 31-18 17-15 389 287 309
14 3035 2441 13-47 3661 34:55 3229 21-01 429 352 310
15 37-00 30-18 11-42 3818 35-82 3321 24-32 458 4:07 311
264 rev/min, 350¢S oil e x 107
16 386 2-15 1817 29-12 2885 28:57 10-68 467 1-28 353
17 518 305 16:13 30-14 2919 29-54 13-73 515 1:65 356
18 680 412 13:96 32:00 3160 3110 17-61 543 211 358
19 871 5-38 11-59 34-47 3393 33-20 2228 561 2:67 358
20 975 611 975 3497 34:35 33-55 24-54 578 2:94 363
430 rev/min, 350 ¢S oil
21 538 2:81 1818 29-12 28-78 28:50 1062 613 1-28 217
22 699 391 16:63 30-80 30-38 30-00 13-76 659 165 2:17
23 869 513 15-05 32:23 3172 3122 16-67 7-14 2:00 2:17
24 10-83 665 12-69 3390 3322 32:52 20-52 752 2:46 219
25 12-81 811 1099 3551 34-68 3383 2368 794 2-84 220
565 rev/min, 350cS oil
26 693 3-59 18-87 30-49 3008 2977 11-24 7-41 1-35 1-62
27 9:05 492 16-82 31-57 3101 3049 14-20 804 1-70 1-64
28 11-00 613 1491 32:49 3194 31-26 16:99 837 2:04 1-65
29 13:39 763 12:75 3382 3303 3237 20:32 872 244 1-67
30 1594 932 10-86 3532 34-39 3365 2359 9-16 283 1-68

resultant net voltage of two junctions, one in the top
surface and one in the bottom. Experimental runs are
continued until the thermal conditions reach steady
state, normally 3-6 h, when final readings of all thermo-
couples and current are taken. These measurements
give values for top, bottom and interior temperatures,
temperature difference, and total heat input.

RESULTS AND DISCUSSION

Heat transfer

From the experiments values were obtained for the
temperatures of the top and bottom aluminum surfaces
of the cavity, and the net heat flux from top surface
to bottom surface at a given rotational rate. Experi-
mental data are presented in Table 2.

It was desired to have both the top and bottom
surfaces isothermal. The bottom surface temperature
as measured by thermocouples at three radial positions
usually varied by no more than 0-05°C and never more
than 0-1°C. However, the temperature of the top plate,
which was heated electrically, varied somewhat with
radial position as can be seen in Table 2. In general,
the overall variation in top surface temperature in-
creased strongly with increasing T and weakly with

increasing rotational rate, from about 1-:5°C at low
speeds and temperature differences to about 5°C at
high speed and large T. An average top temperature
was calculated and used in analyzing the heat-transfer
results. Although this temperature variation will intro-
duce some error into the results, it is not expected to
have a significant influence on the dependence of the
Nusselt number on the rotational rate or on the im-
posed temperature difference.

The following characteristic dimensionless groups
were evaluated from these data using fluid properties
evaluated at the mean of the top and bottom plate
temperatures: the Nusselt number Nu, the thermal
Rossby number B, and the Ekman number ¢. The
Nusselt number is the ratio of the net heat flux, Qne,
to the heat which is conducted across the fluid when
the cavity is stationary, Qconq . This latter quantity is
given by Qeond = 0-:0271AT (low viscosity oil) and
Qcona = 0:0431AT (high viscosity oil) for the cavity
being studied.

The Nusselt number is shown as a function of
Rossby number (which is proportional to temperature
difference) at fixed rotational rates in Fig. 3 (low
viscosity oil) and in Fig. 4 (high viscosity oil). The
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Nusselt number is identically equal to one for all
imposed temperature differences when the cavity is not
rotating since heating is from above and the fluid is
thus stably stratified.

By comparing Figs. 3 and 4 it is seen that the Nusselt
number for the low viscosity oil is approximately five
times that of the high viscosity oil at the same
conditions.
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F1G. 3. Nusselt number, low viscosity oil.
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FiG. 4. Nusselt number, high viscosity oil.

Straight lines were fitted through the data of Figs.
3 and 4 by means of a least square fit. The slopes of
the lines for the low viscosity oil are 0:327, 0:392 and
0409 for 264, 430 and 565rev/min respectively. The
slopes for the high viscosity oil are 0-236, 0-325 and
(-274 for the same rotational rates. This indicates that
the Nusselt number depends on the temperature differ-
ence approximately to the 0-4 and the 0-25 power for
the low and high viscosity oils, respectively. (This is
obtained by approximating the average of the above
slopes.}

The data are cross plotted against the Ekman number
(proportional to the reciprocal of the rotational rate)
in Fig. 5 for the low viscosity oil and in Fig. 6 for the
high viscosity oil. The average slope of the lines in
Fig. 5is —0-5, which indicates that the Nusselt number
depends on the square root of the angular velocity for
the low viscosity oil. The average slope in Fig. 6is —0-6
so that the Nusselt number depends on the 0-6 power
of the rotational rate for the high viscosity oil.

Thus it is seen that for the range of parameters
investigated in this study that the Nusselt number can
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Fi1G. 6. Nusselt number, high viscosity oil.

for the high viscosity oil. Although there is some un-
certainty in the exact values of the exponents in
equations (1) and (2), it can be said that the exponents
of AT and of A are different and furthermore, that the
exponents of each of these quantities differ for the
low and high viscosity oils. The significance of these
differences is discussed further below. The coefficients
were determined by means of a least square fit and
correlate the Nusselt numbers to standard deviations
of 076 and 0-14 for equations (1) and (2) respectively.
The variable 4, the centrifugal acceleration at the outer
edge of the cavity, was introduced into the above
expressions in order to facilitate a comparison with
stationary natural convection. Although the ex-
pressions are useful in determining the dependence on
the imposed temperature difference and the rotational
rate, the dependence on the cavity dimensions and the
Prandt! number is still unknown since these were held
fixed in the experiments.

The difference in form between equations (1) and (2)
can probably be explained by a consideration of the
expected flow patterns in the two cases. The Ekman
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number for the low viscosity oil is of the order of 10 3;
it is to be expected from experience with other rotating
systems [9—11] that boundary layers would exist under
these conditions. For the high viscosity oil, however,
the Ekman number is 500 times greater, and boundary
layers probably do not form, or if they do form they
would fill 2 much larger fraction of the volume.

The above results might be compared to stationary
natural convection. Two studies will be used for this
comparison [6, 8]. In each of these studies stationary
convection was studied in a vertical slot with one
horizontal dimension being much larger than the
horizontal distance between the hot and cold plates.
Thus, the work is not completely analogous to the
present study in which dimensions normal to the
acceleration are of the same order of magnitude. Eckert
and Carlson [6] determined that the Nusselt number
depends on the 0-3 power of the Grashof number for
stationary convection; therefore, it depends on both the
applied temperature difference and on the acceleration
of gravity to the 0-3 power. As can be seen from
equations (1) and (2), the Nusselt number depends on
the 0-4 and the 0-25 power of the temperature and on
the 0-25 and the 0-3 power of the centrifugal acceleration
for the low and high viscosity fluids respectively. There
are thus small but yet significant differences between
the dependences obtained in the rotating channel and
those observed previously by others in stationary
natural convection.

The differences between rotating and non-rotating
convection are caused by two factors. First, the local
centrifugal acceleration is a strong function of position
whereas the acceleration of gravity is almost constant.
Secondly, the Coriolis acceleration influences rotating
convection. This latter effect is not expected to be as
important in the rotating cavity as in other rotating
geometries such as a cylinder since in the channel being
considered here a strong secondary flow cannot develop
since the channel is not axisymmetric. In an axi-
symmetric cylinder the dependences of the flow and
heat transfer on the imposed temperature difference
and on the rotational rate are significantly different
from those obtained in stationary free convection
[1,2,9,11].

Horizontal centerline temperature profile

The temperature along the centerline of the channel
was measured with a series of thermocouple probes;
results are given in Table 3. A non-dimensional tem-
perature, 6, is shown in Figs. 7 and 8 for the low and
high viscosity oils, respectively.

This non-dimensional temperature is defined using
the temperature differences between the top and bottom
plates.

As noted above and as seen in Table 2, the tem-
perature of the top heated surface was not always
perfectly isothermal. In order to take this variation
into account in the centerline temperature profile, a
dimensionless temperature for each probe was calcu-
lated as follows. The upper surface temperature was
assumed to be linear with r, and fitted to a straight line
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equation. Then a local AT was calculated by using the
equation to calculate the temperature of the surface
directly above the probe junction. After subtracting
the average bottom surface temperature, this became
ATocal, and dimensionless temperature 6 was calcu-
lated as

(TT - TB)local

Figures 7 and 8 both include data taken at all non-
zero rotational rates and all values of imposed tem-
perature difference. It is seen that the dimensionless
centerline temperature profile is independent of these
two variables for the conditions of these experiments.
Furthermore, in each case the temperature varies
approximately linearly with radial position for dimen-
sionless distance between 0-2 and 0-75.

The gradient, d6/dr*, has approximate values of —0-6
for the high viscosity oil and —0-8 for the low viscosity
oil. The dimension r* is measured from the center of
rotation, and so a gradient of —06 in the rotating
cavity is equivalent to +0-6 in a vertical stationary slot
where r* is measured from the bottom of the slot.

It is interesting to note that the radial dimensionless
temperature gradient is not only independent of the
rotational rate and the imposed temperature difference
for the range of variables studied, but the gradient is
not too dissimilar to that for non-rotating natural

8=
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Table 3. Centerline temperature profile (temperatures in °C)

l;in Tp, Tp2 Tes Tps Tes 6, 6, 63 04 85

1 2465 2678 2353 2112 18-68 0-661 0-885 0-609 0-386 0-132

2 26:51 2820 2363 2027 16-88 0-739 0-880 0-604 0-380 0-124

3 2771 2990 2409 19-62 15-10 0-734 0-878 0-608 0-377 0-110
4 27-55 32-29 24-87 1829 12:62 0-655 0-880 0-617 0-345 0-076

5 30-14 33-06 2499 18:47 11-46 0727 0-868 0-608 0-368 0-067

6 2628 2745 24-89 2296 20:97 0-697 0-853 0-605 0-397 0-152

7 2728 28-29 24-61 21-78 18-70 0732 0-839 0-604 0-398 0-135

8 2719 29-58 24-36 20-54 16-51 0-678 0-843 0-596 0-391 0-132

9 3091 3193 25-57 2099 1599 0-760 0-843 0-598 0-400 0134
10 2862 3337 2503 1995 1325 0-622 0-827 0-576 0-408 0-124
11 2586 27-45 2495 22:95 20-84 0-629 0-826 0-600 0-393 0139
12 27-10 2921 2530 22:45 19-22 0-653 0-838 0-600 0-404 0-134
13 2733 3085 2595 22:00 17:36 0-596 0-814 0-602 0-403 0115
14 2818 32:30 25:52 21-31 15-66 0-606 0-816 0-576 0411 0-124
15 2848 33-61 2537 2023 13-86 0-607 0-832 0-576 0-400 0119
16 23-64 2690 2441 22:56 19-82 0497 0798 0-585 0-421 0-161
17 2515 27-28 24-00 2162 17-82 0-639 0-795 0-574 0-408 0-127
18 2560 2815 2399 21-06 16-35 0-641 0-787 0-570 0413 0-141
19 25-85 29-45 2422 2057 14-53 0-618 0-781 0-568 0414 0-138
20 2511 2944 23-67 19-72 13-04 0-604 0-781 0-568 0417 0-140
21 23-87 26:68 2425 2249 19:90 0-517 0779 0-572 0417 0-170
22 2405 27-68 2455 2232 18-90 0-521 0-781 0-576 0424 0173
23 2562 2830 24:52 21-81 17-60 0611 0-773 0-569 0417 0-160
24 2580 2903 24-40 2115 15-94 0-613 0772 0-571 0-425 0-167
25 2629 2967 24-32 2060 14-52 0-619 0-763 0-564 0419 0158
26 2576 2792 2526 2348 20-76 0-590 0-781 0-569 0-422 0177
27 2546 28:16 24-89 22:59 19-13 0-581 0771 0-569 0-421 0173
28 2490 2820 2433 21-66 17-52 0-563 0-756 0-556 0-411 0-163
29 2589 2869 2418 20:99 16-01 0-619 0-759 0-563 0-419 0-170
30 26-10 29-36 24-16 20-51 14-72 0619 0759 0-565 0-422 0173
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convection. The vertical temperature gradient has been
determined for two-dimensional flow in a vertical slot
in the boundary-layer regime; Eckert and Carlson [6]
have obtained a vertical temperature gradient of 0-6
for air and Elder [8] has found 0-50 for paraffin and
0-55 for silicone oil (100cS).

CONCLUSIONS

Convection produced by the action of the centrifugal
acceleration on a density gradient normal to it differs
from natural convection driven by gravity for two
reasons. First, the centrifugal acceleration is a strong
function of radial position and secondly the Coriolis
acceleration can play an important role in rotating
convection (although it is not expected that it domi-
nates the present problem). The Nusselt number de-
pends on the imposed temperature difference to the
04 and 0-25 powers for the low and high Prandtl
number silicone oils for the conditions of the experi-
ments as compared to the 0-3 power obtained by Eckert
and Carlson [6] for stationary natural convection
under boundary-layer conditions using air. Further-
more, the Nusselt number depends on the 025 and
0-3 powers of the centrifugal acceleration evaluated at
the outer edge of the cavity as compared to natural
convection where the dependence on the acceleration
of gravity is the same as the dependence on the imposed
temperature difference. Thus the dependencies are
somewhat different from those obtained in stationary
convection.

The centerline temperature profile is similar to that
obtained in natural convection. For the rotating cavity
the dimensionless radial temperature profile is indepen-
dent of both rotational rate and imposed temperature
difference for the conditions of the experiments. Except
near the center and outer edge of the channel the radial
temperature gradient is constant and is equal to —0-8
and —06 for Prandtl numbers of 7 and 3000 respec-
tively. The absolute value of this gradient is similar to
the range in vertical temperature gradient of 0-5 to 06
found previously by others for stationary natural
convection.
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ETUDE EXPERIMENTALE DE LA CONVECTION LIBRE
DUE AUX FORCES CENTRIFUGES DANS UNE CAVITE RECTANGULAIRE

Résumé—La convection thermique provoquée par les forces centrifuges a été étudiée expérimentalement
dans une cavité rectangulaire de longueur 27,94 cm, de hauteur 2,62cm et de largeur 2,54cm. La cavité
était chauffée par le dessus et refroidie par le dessous et était en rotation autour d’un axe vertical passant
par le centre de la cavité. La cavité était remplie d’huiles de silicone ayant des nombres de Prandtl égaux
a 7 et 3000, et tournait a une vitesse pouvant atteindre 565 RPM.

Le nombre de Nusselt caractérisant le transfert de chaleur entre la paroi supérieure et la paroi inférieure
4 varié comme les puissances 0,4 et 0,25 de la différence de température imposée, respectivement pour
les fluides & faible nombre de Prandtl et 4 fort nombre de Prandtl, et comme les puissances 0,25 et 0,3
de laccélération centrifuge évaluée sur la paroi externe de la cavité. Un gradient de température
adimensionnel sur le rayon central a été obtenu et trouvé indépendant 4 la fois de la vitesse de rotation

et de la différence de température imposée.

EINE EXPERIMENTELLE UNTERSUCHUNG DER FREIEN KONVEKTION IN EINEM
RECHTECKIGEN HOHLRAUM UNTER EINWIRKUNG VON ZENTRIFUGALKRAFTEN

Zusammenfassung — Die durch Zentrifugalkrifte beeinfluBte Konvektion in einem rechteckigen Hohlraum
mit 27,94cm Linge, 2,62cm Hohe und 2,54cm Breite wurde experimentell untersucht. Der Hohlraum
wurde von oben beheizt und unten gekiihlt. Er rotierte um eine senkrechte, durch seinen Mittelpunkt
verlaufende Achse. Die maximale Umdrehungszahl betrug 565 Umdrehungen pro Minute. Der Hohlraum
wurde mit Silikondlen gefiillt, deren Prandtl-Zahlen 7 und 3000 betragen. Bei der niedrigen Prandtl-Zahl
#nderte sich die Nusselt-Zahl der Wirmeiibertragung von der oberen zur unteren Fliche mit der 0,4-ten
Potenz der aufgepriigten Temperaturdifferenz, bei der hohen Prandtl-Zahl ergab sich eine Anderung mit
der 0,25-ten Potenz. Die Abhingigkeit der Nusselt-Zahl von der an der duBeren Ecke des Hohlraums
berechneten Zentrifugalbeschleunigung war bei der niedrigen Prandtl-Zahl durch die 0,25-te Potenz
gegeben, bei der hohen Prandtl-Zahl durch die 0,3-te Potenz.



Centrifugally driven free convection in a rectangular cavity

SKCNEPUMEHTAJIBHOE M3YUYEHME Cl}OBOHHOﬂ KOHBEKIIWH B
MPAMOYTOJIBHOM MOJIOCTH, BRI3BAHHOM LIEHTPOBEXHBIMU CHITAMMU

AuHoTauua — DKCNEPUMEHTANIBHO M3Yy4alicA BbI3BAHHAS LEHTPOOEXKHBIMHM CHTaMH TennoBas KOH-
BEKUUS B IPAMOYTOJIHOM NONIOCTH LIIUHOM 27,94 cM, BeicoTOil 2,62 cM H WuMpPHHO# 2,54 cM. IMonocTs
Harpesanach CBEPXY, OXJIaX/Janach CHM3y M Bpallajiach BOKDYT BEPTHKAlbHON OCH, nmpoxoasimei
yepe3 eé UeHTp. [1010CTh 3anoHANIACh CHIIHKOHOBBIMH MaciaaMHu ¢ yuciaMu Ipauatns 7 u 3000 u
Bpalliajlach CO CKOPOCTbIO HO 565 o6/muu. UYucno HyccenbTa Ons TepeHoca Temna OT BepXHel
MOBEPXHOCTH MONOCTH K HIKHEH H3MEHANOCH NPONOPLUMOHANBHO MPHIIOKEHHOM Pa3HOCTH TEM-
nepatyp B crenenu 0,4 u 0,25 n1s XXKMOKOCTH COOTBETCTBEHHO C MAJILIMH M OONBLINMMH 3HAYSHURMHU
yucia [IpaHOTian ¥ MPONOPUMOHANBHO LEHTPOOEKHOMY yckopeHuto B crenmenm 0,25 u 0.3, pac-
CYMTAHHOMY Ha BHellHel kpoMke nonocTd. [lonyyeH Ge3pasMepHblil paananbHbIi rpaiueHT OCEBOM
TEMMEpPaTypbl U HAMOEHO, YTO OH HE 3aBHCHT HU OT CKOPOCTH BPALUEHHS, HH OT MPHIIOKEHHON
pa3HOCTH TEMIIEPATYD.
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