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Abstract:

Qualitative descriptions of the natural convective flow patterns between isothermal heated spherical
bodies and an isothermal cooled cubical enclosure are presented. Inner bodies used had diameters of
4.5, 7.0, and 9.0 inches', and the cubical enclosure measured 9.9 inches on a side. Test fluids used in
the gap between the spheres and the cube included water, 20 cs silicone oil, and 350 cs silicone oil. The
silicone oils are Dow Corning 200 fluids with 20 and 350 representing the kinematic viscosity in
centistokes at 25°C. All investigations were conducted with the inner body concentrically located
within the enclosure. Motion pictures and still photographs of the flow patterns observed were taken to
aid in the descriptions of the patterns.

For most of the fluids and geometries tested, the flow for small temperature differences was found to
maintain a peripheral pattern in which high-speed fluid layers followed the solid boundaries of the
system. Larger temperature differences usually resulted in separation of the high-speed layer moving
over the surface of the inner body and unsteady vortex structures in the upper portion of the gap.
Unsteadiness occurring with the silicone oils as test fluids was usually confined to small regions of the
gap since these oils were quite viscous and acted as unsteady flow dampers. Unsteadiness occurring
with water as the test fluid was generally noted to affect the whole upper central region of the gap.
Some three-dimensional activity was noted for nearly all cases investigated. This is to be expected
because of the lack of symmetry resulting from having a spherical body located within a cubical
enclosure. Summaries of the experimental results obtained are given in Tables 4.1-4.3 and should help
to categorize the flows observed.
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ABSTRACT

Qualitative descriptions of the natural convective flow patterns
between isothermal heated spherical bodies and an isothermal cooled
cubical enclosure are presented, -Inner bodies used had diameters of
4.5, 7.0, and 9.0 inches), and the cubical enclosure measured 9.9 inches
on a side. Test fluids used in the gap between the spheres and the
cube included water, 20 cs silicone oil, and 350 cs silicone oil. The
silicone oils are Dow Corning 200 fluids with 20 and 350 representing
the kinematic viscosity in centistokes at 25°C., All investigations
were conducted with the inner body concentrically located within the
enclosure. Motion pictures and still photographs of the flow patterns
observed were taken to aid in the descriptions of the patterns.

For most of the fluids and geometries tested, the flow for small
temperature differences was found to maintain a peripheral pattern in
which high—speed fluid layers followed the solid boundaries of.the
system., Larger temperature differences usually resulted in separation
of the high-speed layer moving over the surface of the inmer body and
unsteady vortex structures in the upper portion of the gap. Unsteadiness
occurring with the silicone oils as test fluids was usually confined to
small regions of the gap since thesé oils were quite wviscous and acted
as unsteady flow dampers. Unsteadiness occurring with water as the test
fluid was generally noted to affect the whole upper central region of
the gap. Some three~dimensional activity was noted for nearly all cases
investigated. This is to be expected because of the lack of symmetry
resulting from having a spherical body located within a cubical enclosure.
Summaries of the experimental results obtained are given in Tables 4,1-
4.3 and should help to categorlze the flows observed,
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NOMENCLATURE

Description

Characteristic dimensions of -system
Specific heat

Characteristic dimension

Percent deviation (equation 4.2)
Acceleration of gravity

Thegmal conductivity

Length ratio

Grashof number (equation 2.1)

Prandtl number (equation 2.2)

‘Rayleigh number (equation 2.%)

Inner body radius
Distance from center of ‘inner body to enclosure
Arithmetic mean temperature (equation 4.1)

Average inner body temperature

‘Average outer body temperature

Local outer body temperature
Coefficient of thermal expansion

Temperature difference- (T - T )
i,av 0,av

Angular position measured from upper vertical
axis of inner body
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CHAPTER I

INTRODUCTION -

n;Until the last deéade, the bulk of the literature related to
‘natural convection concerned the coﬁvective process from a body to

‘an infinité surrounding medium. Increased interest in the area of
natural convection heat. transfer from a body to a finite enclosure

has been generated by the need for more accurate heat transfer rate
pfédictions from a body to'its enclosure. Projected applications may
concern nuclear reactor core design, room heating, instrument packaging,
and fire'fighting techniques.

The need for experimental work in the area of natural convection
in finite enclosures arises from the inherent complexity of the goVerning
.equations, The defining partial différential equations are nonlinear
and coupledj thus no' general solution is available. Additional diffi-
culties compiicating'the situation are (1) the usual simplifing és—
sumptions concerning boundary layers are not valid, (2) boundary condi-
tions become ﬁnknown as.flow unsteadiness develops, and (3) pressure
‘distributions in the finite enclosure are unknown.

Experimental work done by Bishop (1)%*, McCoy (2), Weber (3), and
Scanlan ég al (4) has éhown that heat transfer'data can be correlated
to yield empirical relations prediéting the convective heat transfer

rate from a body to a spherical enclosure., Since natural convection is

* Underlined numbers in parentheses refer to references in the
bibliography '
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a combination of fluid flow and-thermal phenomena, it is desirable to

visualize the flow patterns: existing in the finite enclosure. Knowledge

-of the flow patterns in conjunction with the heat transfer data and

temperaturé profiies: provides a deéper undgrstanding of the convective
process.,

The objective of thié expefimehtalzinvestigation was to photograph
and qualitatively descfibe the fluid flow patterns resulting from.;ﬁe
convective interaction between an isothermal spherical body and its
isothermal cubical enclosure. ALL invéstigations were conducted with
the séherical body located concentrically within the cubical enclosure.
Test fluids used in the gap between the sphere and its enclosure included
water and two differemt silicome oils. ‘Similar work Haé been reported
by Baughman‘(é) and Yin (g); Their expefiments were conducted with a
spherical rather thaﬁ a cubical enclosure. Directly related work,
feported by Eyler (7), waé done utilizing air as the medium between the
sphere and the cubical enclosure.

. . This work is part of a continuing project at Montan;'State Univers
sity. ‘The results obtained add to the currently available information

and hopefully will supplement the heat transfer experiments now in

progress.




CHAPTER II

LITERATURE REVIEW

'Natural convection is a term used to describe transport processes
‘iﬁ fluids wherein the motion is driven by the interaction of a difference
‘in density with an accelgration field (sﬁch as gravity or rotation).
Natural convection.heat transfer is then a form of energy exchange
caused by the motion of a fluid. Motion of the fluid is created by a
bouyancy force resulting from.£he interaction between the density
differences within the fluid and the accelerétion‘field.

Review of the literaéure reveals that some analytical solutions
are available for natural convection from a body to an infinite
surroundings and that some solutions exist for a- few simple enclosures.
Examples can be found in Gebhart (8), Jakob (9), Holman (lg), Eckert
and Carlson (11), and Batchelor (12). . For more complex geometries,
however, experimental methods must be relied upénrbecause of the
complexity of the governing equations. For this reason, a number of
experimental studies coﬁcérning natural coﬁvective flow in an enclosure
have been reported. P

Jakob (9) derived some basic reiatiqns on heat transfer in natural °
convection using the principle of similarity. .He used.both'the differ- -

ential and the dimensional methods to determine the important non-—

dimensional parameters. The resulting dimensionless groups are
. 2.3
- _8Bp DAT
NGr ———:FZ————— ' (2.1




N, =~ (2.2)

and.

L = 5 (2.3)

~ In the above equations, N, 1is termed the Grashof number and N_, is

Gr Pr

the Prandtl number. The parameter L is the ratio of a and b, the
characteristic dimensioﬁs of the system under investigation. Another
nondimensionalgroup; the Rajleigh number (NRa), is also uséful. The
Rayleigh number is defined as the product of the Grashof number and the

Prandtl number, or
N, =N. ° N_ . (2.4)

Initial investigations of the natural convective phenomena in a
spherical annulus were carried out by Bishoé (lj. All of his investi-
gations were'done'using air as the working fluid and with the‘inner
sphere concentrically located within_thetoﬁter sphefe. Heat transfer
reéults, femperature profiles, and qualitative information about the
fluid-flow behavior are reported. Visualization stu&ies were coﬁducted
for diaﬁeter ratios of 1.19, 1.37, 1.72, 2.53; and 3.14 ;nd for teméerr
ature differences from 5°F to 60°F. Bishop reported the occurrence of
three basic flow patterns, (1) the "cresent;eddy" type, (2) the "kidney-
shaped—eddy" type, and (3) the "falling—vortices"_type.

| The most common flow pattern, the '"crescent-eddy", was noted to

occur at all temperature-differences studied for diameter raties of 1.37
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and 1.72, For diameter ratios of 1.19, 2.53, and 3.14 the '"cresent-

eddy! pattern occurred only at small temperature differences. The

"kidney~shaped~eddy" pattern, a modification of the crescent-eddy type,

was noted to occur for diameter ratios of 2.53 and 3.14 at moderate to

large temperature ciifferenées° Both the "crescent-eddy" and "kidney-
eddy" type patterns were noted to be steady with time. Three basic
régions were apparent in both paéterns. These were (1) a thin layer
of high—speea fluid in the close vicinity of each sphere? (2) a
central fegion containing sloﬁly moving fluid, and (3) a region of
transition between each high speed layer and the central region.

The only unsteady pattern observed by Bishop, the "falling-
vortices" type, occurred at moderate to high temperature differences
for é dimater ratio of 1.19., This unsteady pattern was characterized
by the formation of counter-rotating pairs of vortices in the region
near the upper vertical_axis of the inner sphere. The vortices would

then coalesce and merge into the outer sphere boundary flow, momentarily

/'disrupting the central region.

/

Furthér natural convective studiés utilizing a spherical annulus
were con&ucted by Yin té). Diaméter ratios of 1.40, 1.78, and 2.17 were
used with air as the wofking fluid. Studies with water as the working
fluid were conducted with diameter ratios of 1.09, 1.40, 1:78,~and 2,17,
Investigations with air extended the data of Bishop (1) to a larger

temperature difference. Differences observed by Yin at larger temper—
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ature differences Were:(l).violent interior contractions, (2) slight
sideways oscillatioﬁs of ‘the chimney, and (3) a three~dimensional spiral
motion in the upper portion of the annulus' for the sméllest diameter
ratio. With water as the working fluid, four flow pétterns, two steady
and two ﬁnsteady, were observed. These patterns were (1) the sfeady

"dog~face" type, (2) the unsteady "dog~face" type, (3) the steady

"interioxr tertiary" type, and (4) the unsteady three-dimensional spiral

flow.. The most common pattern was the steady "dog-face" flow. It
occurred at small temperature differences‘for all diameter ratios
investigated except the smallest. The pattern was characterized by

three distinct regioﬁé, namely (1) regions of high-speed flow adjacent

to each sphere, (2) a low‘speed interior region, gnd (3 a.central
stagnant region. The "interior tertiér&" flow pattern occurred at

la?ge temperature differences for a diameter ratio of 1.78. This patterﬁ

was noted to be steady. The "unsteady dog-face" pattern was observed

at large temperature differences for a diameter ratio of 2.17. Charac—

'//teristic of the pattern was the formation and shedding of cells in the

interior region. The three-dimensional spiral was an unsteady pattern
éﬁat occurred ét large temperature differences for diameter ratios of'
1.09 and 1.40. For this case the upper portion of the angulus was
dominated by a three~dimensional spiral flow,

Baughman (5) investigated the case of eccentric sbheres with air

and a silicone oil as the test fluids. He also used water and the
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silicone oil as test fluids in concentric hemispherically ended
cylinder studies. Results obtéined with the eccentric spheres and
air as the gap medium were similar to the concentric sphere results
discussed. above. 'Soﬁe new type flow characteristics were observed
with the silicone oil as the test medium in the eccentric sphere
studies. A diameter ratio of 2,17 was noted to generally yield a
basic crescent shape;_ Negative eccentricities (inner body below the
center of the outer body) tended to display a "climbing vortices"
tyﬁe pattern, Characteristic of this pattern was the formatian of
cells, one on each side of the thermal plume, and their subsequent
rotation upward alohg the plume. ,Faliing vortices and three-dimensional
vortices were postulated to have occurred for positive eccentricities
with a diameter ratio of 1.46. Negative ecceﬁtricities for this
diameter ratio yielded (1) vortex drifting, (2) formation of multiplé
cells, and (3) undulating tendencies of the high-speed fluid layer on
the surface of the inner bodyf Flow patterns resulting with the

/c?linders as the inner body and the silicone o0il as the gap medium were
/Isimilar to the eccentric sphere studies. Cylinder studies with water
as the test fluid yielded patterns similar to fhe concentric sphere
fesults obtained by Yin {g). A detailed review of the particular
patterns can be found'in Baughman (2);

Fluid flow pattefns between a hemispherically ended cylinder and

a spherical enclosure have also been investigated by Teng (13). His'
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studiés Were.conducted'with»the'cylinder'concentriéally iocatéd within
the enclosure. Air and a silicone oil of differeﬁt absolute viscosity
than that used by Baughman were used as test fluids.

Additional work, pfimarily concerning heat transfer -data and
tempefature profiles, has been done utilizing a spherical enclosure and .
various inner bodies and several different test fluids. Examples are
Weber, Powe,.Bishop, and Séanlan (14), McCoy, Powe, Bishop, Weber, and
Scanlan (15), and'Scaﬁlani Bishop, and Powe (4).

Natural convective flow patterns between an isothermal sphere
concentrically 19cated'within a.cubical enclosure have been investigated
by Eyler (7). Spheres of 3.50, 4.50, 5.50, 7.00, and 9,00 inches diameter -
were investigated, and air was used as the gap medium. The 3.50 inch
and 4.50 inch spheres yielded steady flows characterized by three distinct’
regions for all temperature differences investigated. These regions were
(1) a high-speed boundary region, (2) an uppér interior region character-
ized by at leést one eddy formation, and (3) a slow moving lower region.
For small temperatﬁre differences, the 5.50 inch sphere exhibited- flow -
characteristics similar to.the 3.50 inch and 4.50 inch bodies. At high
femperature differences, unsteady flow developed and was characterized
by a periodic pulsating eddy formation in the upper central region. Both
the 7.00 inch and 9.00 inch bodies yielded nonperiodic unsteady flows
at all teﬁperature differences. For ‘these two bodies, slugs of fluid

were -noted to randomly "fall" from the upper vertical axial region into




the upper central region.




CHAPTER III

' EXPERIMENTAL APPARATUS AND PROCEDURE

EXPERIMENTAL APPARATUS

An existing apparatus used by Eyler (7) in his investigations with
air as the test fluid was partially redesigned to permit the use of test-
fluids other than air in the study of natural convective flows and to
allow a water cooling system to be employed. Figures 3.1 aﬁd 3.2 show
the experimental apparatus and a schematic representing the functions of
the peripheral equipment. The cubical enclosure seen in the center of
Figure 3.1 contains the isothermal cubical test space and its inner body.
Both the test space and inner body will be described in detail later.
Peripheral eqﬁipment shown in the photograph includes (1) the water
cooling system on the left, (2) inner body temperature contralling
instruments to left and below, (3) temperature monitoring'instruments
and light source on the right, and (4) the test fluid reservoir in the
upper left corner. |

The main purpose of the approximately 14.0 inch cubical enclosure
/ shown in Figure 3.1 was to allow a closed cooling system to be employed.
The enclosure functioned as a water jacket surrounding the inner cubical
fest épace. The water jacket was equipped with individpal channels so
that cooling water could be circulated independently over the four sides,
the top, and the bottom of the cubical test space, The water cooling
éystem was constructed so that the coolant flow rate in each channel

could be controlled by means of valves, The network of plumbing required




O

Figure 3.1 Apparatus Assembly
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to achieve this control can be seen in Figuré 3.1.

Since the apparatﬁé could notiwithstand high pressures, the cool-
ant water was agtually‘drawn through the channels rather than forced
through under pressure. Cooiant water entered the side channels at the
top of the water jacket and was removed at the bottom. The coolant flow
entered thé tép channel via inlet ports on the front face of the water

jacket and exited via ports on' the rear face. The inlet and outlet ports

" for the bottom channel were located in the bottom of the jacket., The

-~ .

bottom channel was also fitted with a tubular'resistahce heater to be
used in the event that heating, rather than cqoling of the bottom of the
cubical test space, was required.fo maintain isothermal conditions.

The front, right side, and top of the jacket were constructed of

0.500 inch thick transparent plexiglass so that the flow patterns could’

be illuminated and photographéd. The remaining sides and bottom were

constructed of sheet gluminum. The sides and bottom of the jacket were
held together with méchine screws and a leakproof silicone sealant.
Studs were fitted in the tops of the sides of the jacket, _The top could
then be secured with wing nuts when it was in place. This arrangement
allowed for easy access to the cubical test space.

The cubical test space was constructed from sheet plexiélass approx-—
imately 0.25 incﬂes thick;h The test space measured 9.90 inchgs on an
inside edge. The foﬁr sides and bottom were held together With machine

screws and silicone sealant, Studs were fitted in the top edges of the
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test space so that the top could be easily removed to allow insertion
of the inner test body. Wing nuts were used to secure the top once it
was in place. A centrally located 0.525 inch hole was bored in the
bottom of the test sﬁace to allow passage of the inner body support
stem. A vent hole was located in one corner of the top of the test
space. This vent allowgd entrapped air to escape as test fluid was
introduced into the test .space through fill holes located in the bottom.
Support for the cubical test space was provided by a frame attached
to'the base of the éest spéce and to the enclosing water jacket, A
solid rectangular support with a 0.525 inch hole bored thréugh it was
located concentrically with the test body stem hole in.the bottom of the
cubical test spacé. An O-ring lécated in the rectangular sﬁpport provided
a seal for the test body stem; A 1/2" Comax paéking gland, located -on
the outside.of the enclosing Wate?_jacket; was also empioyed to seal the
inner test body stem and to secure the boay at a desired location.
Temperature; of the surfaces of the cubical tesf space were monitored

Jusing copper—constantan thermocouples. Nineteen thermocouples were

/
/

poéitiéned at Qiﬁferent locations on the cubé. - Small hoies were drilléd;
through the'plexiglass, and the thermocouples ﬁere epoxied in place flush
with the inner surface. All thermocouple leadé exited ﬁhrough holes

bored in the water jackeg. The holes were séaled tight with silicone seal-
ant, The temperature variation on any given side of the cubical enclosure

was usually foﬁnd to be less than 2°F, Thus, all thermbcouples from a
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common side were connected in parallel so that an average temperature
reading was indicated. .

Three of the‘five spherical inner test bodies used'by Eyler (7)

‘were.used in this study. The bodies .were constructed by soldering two

hemispherés together. Heating tapes attached to the inner surface of
the 0.030 inch thick copper spheres allowed the bodies to be kept
essentially isothermal. The_tapes, 0.020 inches thick and 0.125 inches

wide, were constructed of a resistance wire sandwiched between an

,adhesivelbacked foil and an insulative foil. - These tapes were spirally

affixed to the innmer surface of each hglf of the body under construction.
Fig#re 3.3 illustrates the tape arrangement for the two halves of the

7.0 inch spheré. Silicone sealant was also spread over.the tapes after
instéllation to insure adhesion to the sphere surface.

Temperatures of the test bédy'were monitored using copper—constantaﬁ
thermocouples., Holes were drilled through the walls of each hemisphere,
and the thermqﬁouples wére'soldered in place from the inside so that they -
were flush with the outer surface,

The thermocouple leads and heater tape power leads exited the test
body thraugh the suppoft stem previously menéioned. The stem, a 0.500
inch diameter stainless steel tube, was soldered to the base of one of
the hemispheres.

Assemgly of the spherical body involved stuffing each hemisphere

with an insulative material to minimize internal convective activity:
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Figure 3.3 Interior of Inner Sphere
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and then soldering the two hemispheres together. The assembly joint
and the thermocouple locations were then filed smooth. The heatiné |
tapes and-thermocouples were then checked to insure proper operation
aﬁd the assembled body was checked for leaks. The final step involved
painting the spheiical body and its stem with flat black paint to reduce
unwanted reflections when conducting visualization experiments.

A lighting system, equipped with two 650 watt movie lamps, provided
.a collimated beém of light necessary for photographic purposes. The liéht
was passed through 0.250 inch wide view glits in the enclosﬁre. The slits
were located on a side of the water jacket adjacent to the frontal viewing
window,

Nonsymmetry caused by having a sphérical body concentrically located-
within a cubical enclosure required that the flow be viewed in two'
different vertical planes.perpendicqlar to a cube face. The flow was
viewed in (1) a plane through the sphere's vertical axis and (2) a plane
parallel to but shifted 1.65 inches away from the plane through the
vertical axis.of the sphere., These planes were necessary'in order to
investigate any three~dimensional flow and the extent of the unsteadiness
‘of the flow. |

All thermocouple leads were connected to a 24 point thermocouple
switch which in éurn was Eonnected to a DC millivoltmeter, A reference

junction was provided by an ice bath. ' Temperatures were recorded as

millivolt readings and later converted to degrees.
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A water cooling system was used to provide‘chilied water for the
purpose of ﬁaintaining the cubical test body in an isothermal condition.
The cooling system consisted of an insulated.storage tank, water philler,
and a pump. |
_ Power was supplied to the inner body tapes by aﬁ AC Variac auto-
transformer. The power.supply was connected to a panel of rheostats.
Each tépe on the ipner body was then conneéted in series with a
rheostat. This arrangement allowed positive control of thelpower éonsumed'
by each tape and thus allowed the inner body to be maintained in an
essentially isothermal copdition.
Stil; photographs were taken with a Calumet 4" x 5" professional
camera using Kodak Tri-X Paﬂ professional film. Moving pictures were -
recorded with a Beaulieu R 16 "Automatic'" movie- camera and Kodak 4-X

Reversal film.
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EXPERIMENTAL PROCEDURE

Ip order to visualize and photograph the flow pattérn between
the spherical body and its cubical enclosure, it was neéessary to
introduce suitable tracer pafticles into the test medium. Particles
found in liquid "Ajax" detergent made -good tracer particles in water.
The solution was made by boiling the necessary quantity of dis;illed
water, allowing it to cool to approximately 80°F,'and then'adding
five drops of the detergent per gallon of water. The solution was
then gently mixed and allowed to sit for several hours. The resulting
tracer particles that appeared in éhe water were both highly reflective
and neut?ally bouyant. Fluorescent orange spray paint produced exﬁellent
tracer particles for the 20 cs and 350 cs silicone oils, The oils are
Dow Corning 200 fluids with 20 and 350 representiﬁg the kinematic
viscosity at 25°C., Tracer particles were made by.spraying the surface
of an open container of the silicone oil with the paint and al;owing
the atomized paint particles to fail on the surface of the fluid.

;Stirring the mixture then produced a homogeneous solution. Best results

§
/

were obtained when the surface of the o0il was sprayed from a height of
apﬁroximately'lS inches.

After the test fluid was prepared for experimentatién, the desired
inner body was égiected ana_prepared. The body was first painted flat

black and then fitted with shrink tubing on its support stem to minimize

lateral conduction along the stem. The body was then placed in the
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apparatus, and the cover of the cubical test space was secured,

~The central location of the body in the cube was next determined.

This was done by raising and lowering the body to its maximum upper

and lower positions, marking the stem at these points, and then

positioning the inner body at the midpoint between the marks. The

Conax.packing gland was then tightened, thus securing the stem. Final

assembly involved connecting tlie inner body power and thermocouple leads,

securing the top of the water jacket, and conmecting the plumbing

associated with the chilling system.

Once the system was assenbled, the following procedures were

carried out:

¢9)

(2)

(3)

The test medium was introduced into the cubical test
space by gravity feed, and the water jacket was filled.
Appropriate valves were opened, and the pump and-
water chiller systems were turned on. Water was added
to the water jackef until all of the air was forced
out of the cooling system.

The AC Variac autotransformer was turned on and set to
give a desired temperature difference between the cube

and the inner body. After allowing sufficient time for’

thermal equilibrium to be reached, the rheostats were

adjusted to achieve an isothermal condition on the inner

body, and time was allowed to reach a new equilibrium.
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4) Once isothermal conditions existed and the system

.was in.equilibrium, the dinvestigation of thé flow
field was caéried out. Still photographé and/or
moving pictures were taken, and the flow patferns .
- were described and sketched.
After the pattefﬁ had been adequately photographed and described,
the autotransformer was reset, and time was allowed to reach a new
equilibrium. The procéés of describing the flow pattern was then
repeated{ This ﬁrocedure was done as many times as necessary to
describe the flow for the pgrticular inner geometry and test fluid.
Information recorded for each run comprised: J
1) The date and time,
(2) Inner bo&y size,
(3). The test.flﬁid,
(4) Run number
(5) . Wattage.to the inner body,
(6) Inner body and cube thermocouple readings,
(7) | Camera settings and photograph exposure time,
(8) Written descriptions and sketches of the flow.

The amount of data collected feqﬁired the use of a computer program
to reduce the data to a desired form. _A copy of the program, written
for the XDS Sigm; 7.comﬁuter, is listed in the Appendix.

For clarifiéation purposes, a listing of the inner bodies and

test fluids used is shown in Table 3.1.
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Table 3.1

FLUID AND GEOMETRIES INVESTIGATED

Inner Body ,
Diameter In Silicone 20 Silicone 350 Water
Inches
4.5 X ‘ x X
7.0 X x X
X

9.0 x ‘x




CHAPTER 1V

EXPERIMENTAL RESULTS

This chépter is divided into two sections. The first section aeals
with the flow patterns observed and is divided into three subsections.
lEach subséction céntains qualiéative descriptions and discussion abouti
the flow patterns observed for each of the inner bodies investigated and
a particular working fluid. The secoﬁd section contains a summary of
the experimental resulté,'

A few remarks are in order before proceeding to the flow pattern
descriptions., A value fér.D in equation 2;1 had to be selected so that
the Grashof numbgr could be calculated. This dimension, hereafter
referred to as the charadterisfic dimension:', was defined as one-half the
difference between the length of one éide of the cube and the inner body
diameter. The temperature diffgrence upon which the Grashof number was
based was defined as the difference between the average inner body tem-
pefature and the average outer bod& temperature. All of the test fluid
properties were based on the arithmetic mean ﬁemperaturé of the inner
'ana outer bodies. This temperature was defined as

(T, _+T

i,av 0,av)

2

am

(4.1)

The computer program previously mentioned was used to calculate thermo-
coﬁple temperatures, -test fluid properties, and the appropriate dimen-
sionleés parameters. |

In most of the cases investigated it was found that sufficieﬁt

control could be maintained ‘on the inner body to keep it in an isothermai’
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state. It Wés not possible, however, to always keep the oufer body
,’exacgly isothermal. Tﬁerefore it was necessary to set some limits on
'the error involved. Upper and lower limits on the temperature difference
imposed were chosen such that the maximum percent deviation was less than

10 percent. The. percent deviation was defined as

T - To,av| x 100. o (4.2)

To keep within the limits set by the above définition, the minimum
temperature difference observed was usually between 5°F and 15°F. The
maximum temperature differences imposed were limited by the error limits.
on the percent deviation or by the“fact that for the water studies the
"Ajax”‘tracer particles disappeared when the arithmetic mean temperature
exceeded approxiﬁately 120°F. |
The qualitative descriptions and discussions about the flow patterns
are substantiated by phofographs of the actual flows. Pertinent infor-
Imation such és'the Grashof number; imposed teﬁperature difference, working
/fluid, and inner body size is listed below the photograph. A note should
be said about the photographs taken on the offset perpendidulaf plane.
The majority of the flow in this case was ei#her directly toward tﬁe
camera or approaching the corner of the cube at.an angle to the camera.
Information obtained from these photographs was usually limited to a

speculation about the flow in other vertical planes.
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FLOW PATTERN DESCRIPTIONS

-SILICONE ZOVAS THE GAP ﬁORKING FLUID
The first geometric configuration investigated-wés that of a 4.5
inch diameter sphere located concentrically in a 9.9 inch cube, This.
arrangement resulted in a characteristic dimension of 2.7 inches. The
minimum and maximum values of the Grashof numbgr were 22,800 (AT = 13°F)
and 534,400 (AT.= 94°F) respectively. |
Shown in Figﬁre 4.1 is the flow pattern observed for a Grashof

number of 22,800 (AT = 13°F). Several basic regions in this pattern can
be identified. These regions consist of (1) a layer of high-speed fluid
that follows the geometric boundaries of the system, (2) an upper
interior region, and (3) a lower stagnant region. As seen from Figure
4,1, the high-speed fluid flows upward ;ver the sﬁrface of the sphere
and separates from the sphere surface forming a chimney around the upper
vertical axis. Near the top of the cube, a portion of the fluid is
turned downward toward the surface of the inner body. fhe fluid that is

//turned downward‘gives rise to a pair of vortices, one on eacﬁ side of
the chimney. The center of each cell was located approximately where
fhe fluid flowing over the sphere surface turned to form the chimney.'
-This patternis quite similér to the "dog-face" flow first reported by
Yin (6). The major difference is that in the "dog~face" pattern the
cells Were‘located at the top of the chimney much closer to the outer

body. The portion of fluid that flowed across the top entrained a




Figure 4.1

Silicone 20 Flow Pattern for
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small amount of fluid from the central region and then proceeded down
tﬁe side of the enclosing clube. A; a point on the side'of the cube
at the same eievation as the bottom of the inner body, a portion of the
fluid flowing down the side of the cube separated and slowly moved
inward toward the-spherical body. The remaining fluid continued down
the cube side into the lower-stagnant region. The point of.separation
on the side of the cubiégl enclosure was more pronounced at-la#ger
temperature differences.,

Examination of Figure 4.1 indicates that there is a substantial
flow up the support stem of the inner body but only a relatively weak
boundary layer type flow across the bottom of the cube toward the stem.
This indicates the:possibility of three-dimensional flow in'£he lower
region near the stem or else strong flows in the lower region in
different planes than that shown in Figure 4.1.

The flow pattern just described was steady with time and existed
up to a Grashof number of 39,000. Increasing the GrashofAnumber above

this value resulted in an unsteady periodic pattern. The basic char-

/
""acteristics of this flow were the same as before with the exception of

the two cells adjacent to the chimney. These cells remained stationary
for a short period and then proceedéd to move upward aloﬁg the sides of
the chimney. As the cells moved upward, fhey lost flpid to the gentral
region and finally lost their vortex identity as they were engulfed by

the high-speed fluid layer along the top of the cube. The upward~
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movement of fhe cells was noted tb_cause a very slight tangential
. oscillatidn of the chimney. As previously stated, the process appeared
“to be periodic with time. For a érashof number of 39,900, the cells
would form, rise, and disperse in about 15 seconds. New cells would
form about 10 seconds after the process had been completed. As the
Grashof number‘was increased to’its‘maximum valpe of 534,400, the time
required for the process to be completed had decreased to about 10
seconds, and new cells formed almost immediately. Also characteristic
to this péttern was the forﬁation of a small cell in the corner of the
cubical enclosure. The cell apﬁeared to be three~dimensional in nature
and resulted, in part, from the abrupt change in the eqclosing boundary.
Figure 4.2 illustrates the flow pattern Just discussed.

Increasing the Grashof number from 3§,900 to larger ﬁalues had some
effect on the ﬁlow patterns observed. The basic unsteady periodic -pattern
remained unaltered (excepf for the period), but changes were noted in the
upper central £égion which had previously been relati&ely stagnant.‘ A

/weak return flow in the upper central region was first noticed for a

/ Grashof number of 65,700 (AT = 29°F).~ For this case a small amount of
the fluié turned downward ‘alongside the chimney was notedlto migrate
toward the side of the enclosure. The strength of this return flow was
noted to increasé as the Grashof number increased. Other minor changes

noticed at larger Grashof numbers were (1) the fluid in the high-speed

layers adjacent to the solid boundaries of the system had increased in




Figure 4.2
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Silicone 20 Flow Pattern for
ID = 4.5 inches

(o]
Ngp = 39,900 AT = 20°F
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‘velocity, (2) the thickness of the high-speed layers had decreased
slighglf, (3) the width of the chimney had decreased slightly, and (4)
.the point of separation of the cool layer of fluid flowing down the
sidé of the enclosure had movéd upward.

When the Grashof number reached approximately 315,700, additional
flow in the form of a recirculation movement was observed in the central
region., .Flﬁid from the centrgl region was entrained by the high—épeed
.layer flowing over the surface of the inner body. This resulted in a
movement of some of the fluid from the layer flowing down the sidg of
the cubical enclosure toward the sphere. Figure 4.3 depicts the return
and recirculation flows, Also evident from Figure 4.3 is the existence
of a thin layer of stagnant fluid bétween the return floW and the re-
circulation flow, This indicates that there is no shear between.the two
flows. The pattern discussed above existed ﬁp to the maximum obsexrved
Grashof number of 534,400 (AT = 94°F), '

The -next inner geoﬁetry investigated was the 7.0 inch diameter
/sphere. This body was concentrically located within the 9.9 inch cube
l and resulted in a characteristic dimension of 1,45 inches. The fluid

flow was investigated over a range of Grashof numbers from a minimuﬁ
of 3,900 to a maximum of 123,100n This -corresponds to minimum and
maximum temperatu¥e differénces of 15°F and llléF respectively.

Figure 4.4 illustrates the flow pattern observed in the upper portion

of the gap for Grashof numbers between the minimum value of 3,900 (AT =




Figure 4.3 Silicone 20 Flow Pattern for
ID = 4.5 inches

(o]
Ny, = 385,000 AT = 80°F
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Silicone 20 Flow Pattern for

ID = 7.0 inches

Ng, = 7,400 AT =

23°F
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15°F) and a value of 7,400 (AT = 23°F). A high—speed fluid layer,

resembling a boundary layer, basically follows the solid bounddries of

the system. This fluid proceeds over the surface of the inner body and

separates at‘a point near the upper vertical axis of the sphere forming .
a thermal piume around the vertical axis of the inmer body. The pattern,
at least fér small Grashof numbers, Was.symmetric in the plane of
observation about the vertical akis._ The-fluid then moves across the

top and down the side of the cubical enclosure to a point of separation
(Figures 4.5 and 4.6 illustrate the point of separation). The point of
separation was located slightly above a horizontal plane through the

bottom of the inner body for the whole range of Grashof numbers inves-

-tigated. The region below the point of separation was essentially

stagnant for all of the cases investigated.

Examination of Figure 4.4 indicates that recirculation of flow in

.. the upper interior region, noted at larger Grashof numbers for the 4.5

inch diameter inner body, was also present for investigations with the

/7.0 inch diameter body. The characteristics of the recirculation were

/

. as previously noted in that fluid was apparently entrained from the

central region as the flow over the sppface of the inner body turned
upward into.the thermal plume. This resulted in a gene?al movement of
some of the fluid'ffom the cool layer flowing down the side of the cube
toward the inner body. A sméll cell of three-dimensional nature was also

noted to occur in the upper corner of the cube between the high~speed -
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layer across the top of the cube and the recirculation flow. This.
corner eday was not steady and had no definite period. Siight three~
‘dimensional characteristics were exhibited by the layer of fluid flowing

across the top of the cube. The fluid in the layer appeared to display

" a slight rotational motion as it moved across the upper surface.

For Grashof numbers between approxiﬁately 7,400 (AT = 23°F) and
32,00 (AT = 55°F), flow.siﬁilar to that,shéwn in Figure 4.5 was observed.
Iwo large rotating cells exist, one on each side of the thermal plume,
where the flow over the inner body surface tﬁrns into the chimney and
across the top of the cube. Thése cells appeared to be steady with
time. The flow in the chimney area for this Grashof number range
eXhibited‘gome unsteady characteristics. Figure 4.5 shows two very small
counter rotating cells on the surface of the inner body near the base of
the chimney, These cells would form as some fluid from the boundary flow
over the sphere‘drifted into the vertical'axis region near the top of the
inner body. Tﬁe ﬁain boundary flow then detoured around this small>fegion.

fin which the fluid moved about randomly. The random motion continued for
/

/

only a few seconds, -and then the two small cells formed. The formation

of the cells was followed by their upward movement until they were absorbed
by the boundary flow across the top. A well developed flow in the chimney
region (as in Figure 4.4) would -then form for a short period after which
the sequence of events just described would again occur. This process

was noted to occur with a period of approximately 110 seconds. The °
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Figure 4.5 Silicone 20 Flow Pattern for
ID = 7.0 inches

Ngp = 32,000 AT = 55°F
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Figure 4.6 Silicone 20 Flow Pattern for

ID = 7.0 inches

Ngp = 57,100 AT = 75°F




- 37 -

presence of the small cells was noted to have almost no affect on the
rest of the flow field.

The three-dimensional corner eddy was somewhat stronger at larger
Grashof numbers. This can be seen by comparing Figures 4.4 and 4.5.
Also noted at larger’Grashof numbers was the presence of a small steady
cell attached close to the surface of the inner body. This cell was
located at a point about 60 ‘degrees below the vertical axis of the
‘sphere. This cell was observéd for the rest of the cases investigated.

The basic-flow pattern observed for Grashof numbers greater than
32,000 (AT = 55°F) is shown in Figure 4.6. The primary flow over the
inner bady surface separates from the surface at a point located approx~
imately 10 degrees below the vertical axis of the sphere. The separation
point was noted to be dependent on the Grashof number. For the maximum
Grashof number observed (Nér = 123,100, AT = 111°F), .the point of separ-’
ation had moved to about 25 degrees below the vertical axis of the sphere.
The portion of the gap Where'the thermal plume had previouély existed
.was now dominated by random motion. Slugs of fluid from the boundar&
flow over the sphere surface were ejected into the upper'vertical axis
region. These slugs would then rise in an erratic fashion to the top of
the enclosure where the fluid was absorbed by the primary flow across the
top. This activity.caused the main célls in the upper region to exhibit
an expansion and contractipn type motion.  -The centers of the cells did

’

not display any lateral translation, . N
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The last inner geometry investigated with the 20 cs fluid was

. the 9.0 inch diameter sphere, This body was concentrically located in

" the cube and yielded a characteristic dimension of 0.45 inches. The

—

minimum and maximum Grashof numbers for which investigations were con- -
ducted were 62 (AT.= 7°F) and 2,300 (AT = 84°F) respectively.
The flow observed in the gap for Grashof numbers between 62 and

\

185.is shown in Figure 4}7; The high-gpeed priﬁary flow over the inmer
body'does not flow into the narrow gap in the upper vertical axis regiom.
This flow was ﬁoted to separate at a point about 25 degrees below the‘
vertical axis of the inmner body.and then proceed across the top.and down
the side of the cubical enclosure into the lower region.

The pattern appeared to ge divided into two separate regions by the
narroﬁ spacing between the inner body and the cube at the midplané of
the sphere. This division.did not affect the majority of the primary

high-speed flow. The upper central region was bounded by the narrow gap

at the midplane of the sphere, by the flow over the sphere surface, and

‘'by the top and side of the enclosing cube. Some fluid was lost to the

cehtrai region by the cool layer flowing down the side of the cube as the
gap becaﬁe narrower. This fluid Was; in turn, absorbed by the primary
flow over the sphere surface'thgs creating the separation between the
upper and lower regionsﬂ A similar occurrence was observed in the lower
region, In tﬁe nafrow gap below the midplane of the inner body, small

amounts of fluid from the flow over the sphere were entrained by the
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Figure 4.7 Silicone 20 Flow Pattern for

ID = 9.0 inches

Ng. = 185 AT = 19°F




/

- 40 - .

layer flowiné down the side of the cube. The fluid in the lower region

. was no ldnger stagnant as it was for the 7.0 inch diameter inner body.

'Fluid in this portion of the gap slowly migrated toward the inner body.

The upper vertical axis region of the gap was dominated by unsteady .

" activity for all the cases investigated with the 9.0 inch diameter sphere.

~

This activity was characterized by the nonperiodic formation of multiple-
rdtating cells.in this Porfion of the gap and by random motion of the
fluid for'the time period between dissipation and formation of the cells;
The cells usually did not encompass the whole of the uppér vertical axis
region. Fluid in the spaces befween the cells exhibited random motion.
Figure 4.8 shows a close view of the gap containing twolcells., As many
as four cells were at timés noted,

Inicreases in the Grashof number to values larger than 184 resulted
in changes in the flow péttern for the 9.0 inﬁh diameter sphe?e that were
similar to those observed with the 7.0 inch body. TFor a Grashof number

in the neighborhood of 328 (AT = 29°F), a recirculation of flow in the -

‘upper central region of the gap commenced. Accompanying the recirculation

were two cells. Botﬁ.were'located between the high-speed flow across the
top of the cube and'the recircuiation flow. A pulsating mgtion was ’
associated with the cell locatéd“ciosep_to the inne? body. Further in-
creases in the Grashof numbér reéulted,in more intense unsteadiﬁess in
the upper'vérfical axis. region, a stronger reéifculation flow, and ﬁhe

occurrence. of several small cells in the narrow gap region above and
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Figure 4.8 Silicone 20 Flow Pattern for

ID = 9.0 inches

NGr = 62 AT =
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below the midplane of the inner body. The basic pattern observed for
Grashof numbers between 328 (AT = 29°F) and 2,300 (AT = 84°F) is

illustrated in Figure 4.9.

SILICONE 350 AS THE GAP WORKING FLUID

The same three inner bodies used in the 20 cs investigations were

" also used with the 350 cs fluid as the gap medium. All investigations

.were conducted with  the inner body located concentrically within the 9.9

inch cube.

The fluid flow patterns for the 4.5 inch diameter innér body were
investigated for Grashof numbers ranging between a minimum of 73 (AT =
10°F) and a maximum of 1,590 (AT = 78°F).) For Grashof numbers ;ess than
approximately 170 (AT = 22°F), a sfeady flow pattern as shown in, Figure
4,10 was observed. As was noted previously, a layér of hiéh—speed £luid
followed the contour of the inner body and then séparated forming a

thermal plume around the upper vertical axis of the sphere. The fluid

_then proceeded across the topsand down the side of the enclosing cube.

No point of separation of the high~speed fluid layer from the cube side

was evident. Figure 4.10 reveals that the upper central and lower

portions of the gap were almost completely stagnaﬁt. Some fluid from
the thermal plume and the layer moving down the side of the cube was
lost to these stagnant regions. A weak flow up the support stem of the
inner'body is also evident ffom Figure 4.10. This indicates the possi-

bility of some three-~dimensional activity in the lower portion of the
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Figure 4.9 Silicone 20 Flow Pattern for

ID = 9.0 inches

Ng, = 1,548 AT =

70°F




Figure 4.10 Silicone 350 Flow Pattern for
ID = 4.5 inches

N. =173 AT

Gr 10°F
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gap or else increased flow in the lower region in some plane other than
that investigated.

Increasing the Grashof number to .a value larger than 160 resultéd

in the formation of steady cells, one on each side of the thermal plume,

as shown in Figure 4.11. The cells were located in the neighborhood of

the chimney where the flow over the -sphere surface turned into the chim- .
ney. These cells first_éppeared for a Grashof number of approximately
170 (AT = 22°F)._4They ?emained steady and grew in size with increases

in Grashof numbef until a value of NGr = 560 (AT = 48°F) was reached:

This pattern (Figure 4.11) was_Very similar to the pattern observed at

. small Grashof numbers with the 20 cs fluid (Figure 4.1). Figure 4.12.

illustrates the flow observed in the offset plane for NGr = 560, This

photograbh helps to substantiate past investigators' hypotheses about
the uniformity'of the boundary flow over the inner body surface. From
Figure 4,12 it is seen that the boundary flow moves over the sphere

surface in a two-~dimensional manner, and the flow lines tend to converge

,at the top of the body. This.is what was expected and had been postulated

in the past, ﬁut no photographs were available to verify’the occurrence.
The fluia activity in the centér of the upper region in Figure 4,12 is
the steady cell (oﬁe on each side of the chimnéy) shown also in Figure
4.11. This seems to indicate the symmetrical formation of the cells

about the upper vertical axis of the sphere. The primary flow along the

top of the cube can also be seen in Figure 4.12. Comparison between
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Figure 4.11 Silicone 350 Flow Pattern for
ID = 4.5 inches

o]
Ngp = 560 AT = 48°F
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Figure 4.12 Silicone 350 Flow Pattern in the
Offset Plane for

ID = 4.5 inches

(o}

Ny = 560 AT = 48°F
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Figures 4.11 and 4.12 of the boundary flows along the top and side of

the cube indicates that these flows are slightly more pronounced in the

"offset plane. This may also be evidence that the boundary flows are more

‘pronounced in the vertical diagonal plane of the cube than in the vertical

- perpendicular plane.

An increase in the Grashof number (NGr > 560) resulted in a very
interesging unsteady pattern, The'pattern was notea to be periodic, and
the period was Grashof number dependent, This particular flow was first
observed fdr a Grashof number of 650 (AT = 55°F). The 'sequence of events
associated with this pattern is illustrated in Figures 4.13 and 4.14.

A cell formed periodically near the inner body surface at a point lécated

about 20 degrees below the upper vertical axis. Anofher cell which was

counter rotating and was somewhat removed from the chimney formed direct-

~—

ly above the clockwise rotating cell ﬁear the inner body surface. _These
two cells are shown in Figure 4,13, After remaining stafionary for a
short period_of time; tﬂe lower cell started to climb up the.chimﬁey
growiqg in size and increasing in velocity as it did so. This caused

the entire flow field adjacent to the chimney to become rotational as
shown in}Eigure.4.lé. Associated with this activity was a very pronounced
upward acceleration of fluid in and adjacent to the chimney. Moving
pictureé taken of this pattern clearly indicate this acceleration of fluid
and also indicate that-the pattern is symmetric about the upper vertical

axis of the inner body (filming speed was 2 frames per seéondj. As
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Figure 4.13 ©Silicone 350 Flow Pattern for

ID = 4.5 inches

N = 800 AT = 62°F
Gr
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Figure 4.14 Silicone 350 Flow Pattern for

ID = 4.5 inches

Ny, = 800 T = 62°F
7 4
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stated earlier, this pattern was periodic. For NGr = 650, the lower
cell remained stationary for about 11 seconds andvthe cycle repeated
itself at app;oximately 33 second intervals. For the largest Grashof
number investigated of 1,390'(AT = 78°F), the cell was stationary for
approximately 6 seconds, and the cycle repeated every 15 or 20 seconds.
At the present time no aefiﬁite explanati6n>for the occﬁrrence of

this pattern is known; however, some postulations can be given. The

"upward acceleration of fluid adjacent to the chimney may be due to a

thermal instability. Complete mixing may occur in the upper central
region adjacent to the chimney, resulting in an almost uniform temperature
of the fluid in this region. Fluid nearer to the inner body would then

Ee heated, resulting in warmer fluid being trapped‘under cooler layers.
The warmer fluid would then accelerate upward because of the larger
bouyancy force acting on it. Acceleration of fluid in the chimney may be

-

plausibly explained by viscéus interaction between this fluid and the
fluia adjacent to Fhe chimney. ' |

Another possibie explanation of this pattern can be drawﬁ from bound-
ary layer theory. The pattern observed bears some resemblance to flow
over a horizontal cylinder. Under certain conditions in cylindef flow,
vortices are formed near the downstream side of the body and shed at
periodic intgrvais into the wake. The vortices ?n the wake of the

cylinder form a regular pattern of cells rotating alternately clockwise

and counter clockwise. This pattern, known as a Karman vortex street, .is
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somewhat similar to the flow observed between the spherical body and the
cubical enclosure. As was stated previously, the exact mechanism of this

pattern is not presently known. It exhibited similarities to both of the

above postulations and may be a complex combination of both thermal and

.~

hydrodynamic instabilities,

The 7.0 inch diameter inner body was utilized next in the investi-
gations with the 350 cs fluid as the gap medium. TFluid flow observations
were conducted for Grashof'numbérs between 25 (AT = 23°F) and 500 (AT =
111°F). For Grashof numbers less than 93 (AT = 52°F), the flow in the
gap basically followed the solid boundaries of the system as shown in
Figure 4f15. The primary flow,ﬁoved over the surface of the sphere and
turned at the upper wvertical axis of the sphere forming a very wide
thermal plume. The fluid then followed the contour o? the outer geometry
and'proceedea into the lqwer region. No definite point of separation of
fluid from the cube wall was noted. Fluid seemingly was gradually peeled
off the primafy flow moying down the cube side by the fluid in thé lower
region. This fluid was then noted to begin a very slow migration toward .
the inner body. It is nﬁted by comparing Figure 4.15 with 4.4 that the
boundary flow was thicker and somewhat slower with the 350 cs fluid as
the gap medium than it was with the 20 cs fluid in the gap. This is
partially due to the fact that the 350 fluid -is an order of magnitude
moére viscous than the ZO‘fluié. A slight increase in Grashof number
resulted iﬁ tﬁ; formation of rotating ceils gdjacent to the'chimney

where the flow direction turned. This steady pattern persisted up to a
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Figure 4.15 Silicone 350 Flow Pattern for
ID = 7.0 inches

o
NGr = 57 AT = 39°F
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Grashof number of approximately 102 (AT = 59°F). Further increases in-

.the Grashof number resulted in a basic unsteady pattern that prevailed

throughout thé remainder of the investigafioné. The unsteady pattern was .
characterized by the'followiﬁg occurrences. Af periodic intervals, a
portion of the upward moving fluid flowing over tﬁe sphere surface would
separate before reaching the.chimnéy. For NGr'= 170 (AT .= 71°F) the Point

of separation was about 15 degrees below the upper vertical axis -of the

‘-sphere. At the largest Grashof number investigated (N, = 500, AT =
. 6r = U

111°F), the separation point was about 20.degrees below the sphere axis.
Rotating cells, one on each side of the chimney, were observed where the
separatéd flow turned to flow across the top éf the cube. These cells
appeared té form as the primary flow separated,-and they dispersed shortly
after forming. The Fhermal plume seemedto remain intact "and was unaffected

at small Grashof numbers (170 <N, <280) by the flow separation. After

Gr
the above sequence of events had taken place, the primary flow would then

flow all the way into the upper vertical axis region forming a very wide

‘chimney. The period of the flow pattern discussed above was noted to be

abéut 20 seconds. Figure 4.16 illustrates the basic pattern when a
portion of the primary flow is separated. Fof Grashof numbers larger-
than 280, the same basic flow was observed except for the thérmal plume
area. This regién was noQ Qharacterized by slight random activity

although the chimney was still evident.  This pattern is shown in Figure

4.17. .
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Figure 4.16 Silicone 350 Flow Pattern for

ID = 7.0 inches

NGr = 170 AT=T1"F
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Figure 4.17 Silicone 350 Flow Pattern for
ID = 7.0 inches

(o]
Ny, = 500 AT = 111°F
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Flow patternsﬁbetween thé 9.0 inch diameter sphere and the 9.9 inch
cube with silicone 350 as the gap fluid were néxt investigated. ‘Invgsti—
gations were conducted for Grashof numbers rénging between 0.5 (AT = 14°F),
and 12 (AT = 103°f‘)° The fluid flow pattern observed for the smallest
Gréshof number investigated is shown in Figure 4.18. As was the case
with the 20 e¢s fluid in the gap, the primary flow separates from the
inner body surface at a point approximétely 35 degrees below the upper
vertical axis of the sphere. The narrow spacing between the sphere and
the enclosing cube near thé midplane of. the inner body prévides a divi-
sion between the upper and lower portions of the gap. This.caused the
flow in the gap to appear as two large rofating cells., In the upper
region, the cell was bounded by the midplane, the inner body surface,
and the top and side of the cube. The midplane, the inner body surface,
and the bottom and side of tﬁe cube bounded the cell in-the lower region.
The division of the upper and lower region was muéh more p£onounced at

larger Grashof numbers. The distinct division between upper and lower

j regions was caused by interference between the upward and downward

1
/

moving boundary flows. Interaction between the,boundary.flows.in'the
narrow gap region has been substantiated by moving pictures.

With reference to Figure 4,18, it is seen that the extreme uppér
region near the vertical axis of the inmer body is almost stagnant for
this particular small Grashof number. This apparently is a region of

almost pure condution. Even though the midplane constituted a dividing
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Figure 4.18 Silicone 350 Flow Pattern for

ID = 9.0 inches

Ngp = 0e3

AT = 14°F
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line between phe upper aﬁd lower regions, it was noted that the
prima?y flow moving down -the cube side extended all the way into the
lower region. The same was true of £he fluid flowing over the sphere
surface. Motion of the fluia in the upper vertical axis region in the
gap was induced:as the Grashof number was increased from a value of 0.5.
At first the fluid in this region seemed to be just slowly wandering
about. in a random fashion., Further increases in\the Grashof number
-resu;ted in the formation of multiple cells in the upper vertical axis
region as shown in Fiéure 4,19. At times Fhese.cells completely filled
the gap between points of separation of -the primary flow from the sphere
surface, At other times only a few cells existed, and the majority of
thé upﬁer vertical axis region wés chafacterized by random activity. The
multiple cells were presumably of a threerdimensiﬁnal.nature. The size
and therefore strength of the multiplé cells was limited by the narrow
gap in the upper region. As a consequence, the cells did not seem to
haye much effect on the primary flow., The geometry of £hé upper region
/ of the gap resembles the gap between horizontal parallel flat plates.
Thé multipie cells may therefore be similar to the ordered, cellular
convection process, known as Benard Cells, which occurs in the parallel
plate case for Rayleigh numbers greater than about 1700.
For Grashoflnumbers iarger than 3 (AT = 53°F), additional activity

was induced in the upper central region. A smaller secondary cell formed

within the large cell encompassing the upper region. The primary flow




Figure 4.19
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Silicone 350 Flow Pattern
ID = 9.0 inches

NGr = 2 AT

for
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across the top of the cubical enclosure also was noted to display a slight

rotational characteristic which indicated the presence of three-dimen-

"sional flow. This pattern can be seen in Figure 4.20. As the Grashof

number was increased to its maximum value, the rotational chracteristic
of the boundary flow became more pronounced, and an eddy formed in the
corner of the cube. Small cells in the narrow region above and below

the midplane of the inner body were also noted at larger Grashof numbers.,

WATER AS THE GAP_‘WORKZ'[NG"FLUID

The same inner bodies used with the silicone oils as test fluids
were used with water as the.gap medium., All investigations were conduct-
ed with the inner quieé located concentrically within the cubical
enclosure.

Fluid flow investigations were conducted with the 4.5 inch diameter
sphere for Grashof numbers between 993,300 (AT = 7°F) and 48,079,0bO

(AT = 50°F). The'steady flow observed in the gap for Grashof numbers less

than 2,649,000 (AT = 14°F) is shown in Figure 4.21, The same high-speed

peripheral flow observed with the silicone oils i1s also evident in this
photograph. This flow moves over the surface of the sphere, turns up-
ward near the top of the bod§ to form a thermal plume, and then proceeds
across the top and down the side éf the enclosure to a regiop of separa-
tion. Two large cells form a binary pattern in the upper portion of the
gap.adjacent to the chimney. One of the cells is lqcaéed about halfway

up the chimney, and the .other is near the top of the enclosure. Some
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Figure 4.20 Silicone 350 Flow Pattern for

ID = 9.0 inches

Ngp = 5 AT = 64

F




Figure 4.21
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Water Flow Pattern for

ID = 4.5 inches

Ny, = 993,300

AT

1]

ffaty
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flow from the high-speed layer moving ovef the‘inner body appeared to
separéte just as the flow turned into the chimney. This flow then start-
ed to return toward the side of the enclosure.but turned upward before
reaching the side. This caused the fluid adjacent go the chimney to
move around the two cells mentioned above and form-a goose neck sha?é.
The majority of the fluid in the upper central region was noted to flow

upward toward the,corner of the enclosure. A corner eddy and several

'small eddies along the side of the cubical enclosure were also noted.

—

Considerably more motion was observed in the lower region for this case
than for the silicone oils as test fluids. 'As stated previously, the
flow doﬁn the side of the cube separated over a wide region between the
bottom of the enclosure and a point jusf below the midpoint of the cube
side. This resulted in a migfation af fiuid in the extreme lower region
of the gaﬁ toward the inner body.

For Grashof numbers between approxiﬁately 2,649,000 (AT = 14°F), and
6,611,000 (AT =.22°F), a tertiary cellular motion occurred in the upper
portion éf the gap. The two cells adjacent to the chimney still existed
as they did for small Grashof numbers, and a third cell was located near
the surface of the inner body. Most of the return flow now migrated to
the side of the enclosure rather than moving upward as it did before.
This pattern is Qery simiiar to the tertiary pattern observed by Yin 6)
in his concentric sphere étudies. Figure 4.22 illustrates the tertiary

flow,
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Figure 4.22 Water Flow Pattern for

ID = 4.5 inches

14°F

NGr = 2,649,000 AT
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Increasing the ‘Grashof number above 6,611,000 resulted in an
unstgady pattern in which the upper central region was dominated by three-—
" dimensional activity. Tﬁe cell near the top of the cube was no longer
‘steady for this case, and the tertiary pattern no longer existed. The
cell, .which appeared to be th?ee—diménsional innature, was noted to
form near the top of the enclosure and then move out into the upper
interior reglon, Vlolently dlsruptlng this portion of the gap. Figure
4.23 indicates this cell and the rather unpredictable activity in the-
upper interior region. No definite period could be established for
this occurrence,

The next spherical body investigated was the 7.0 inch diameter

sphere, Minimum and maximum Grashof numbers observed were 38,400 (AT

8°F) and 2,833,000 (AT = 36°F) reépectively..

For Grashof numberé bél@w approximately 177,600 (AT = il°F), the
pattern shown in Figure 4.24 was observed in the gap.' This pattern is
very similar to the "ddé—face” flow observed by Yin (6) in his concen-
tric sphere investigations. Slight differences betweenfthis flow pattern
and the "dog—face" pattern are (1) the small cell in the center of the
interior'region, (2) the upper vertical axis region, and (3) the corner
eddy. The ve?tical axis region for small Grashof numbers was dominated
by unpredictable activity. | "

A slight increase in Grashof number resulted in the formation of two

counter rotating cells on the sphere surface at the base of the chimmey.
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Figure 4.23 Water Flow Pattern for

ID = 4.5 inches

Ngp. = 16,782,000 AT = 32°F
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Figure 4.24 Water Flow Pattern for

[D = 7.0 inches

(0]
? = 1 T = 1
Ngp = 177,600 AT = 11°F
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These small cells circulated in opposite direétions to the primary
flow on each side of the vertical axis. Also noted at this point was
a- recirculation of-flow in the upper interior region, Several small
eddies were located between ﬁhe primary flow across the top of the cube
and the recirculating flo&. Three—dimensipnal characteristics were ‘
also exhibited by the high~-speed layer moving across the cube top.

Further increases in Grashof number resulted in a widening of the

vertical axis region where the counter rotating cells had existed. When

~

S~

a value of NGr = 494,000 (AT = 18°F) was reached, the cells no loﬁger

appearéd, and this portion of the gap was again dominated by random
activity as shown in Figure 4,25, Unpredictablézactivity, highly three-
dimensional in nature, was also observed in the upper centrgl region.
The last inner body investigated with water as the test medium was
the 9.0 inch diameter sphere. The flow was observed for Grashof Aumbers

between 4,667 (AT = 6°F) and 59,700 (AT = 26°F).

Unsteady flow existed in the gap for all Grashof numbers investi-

‘gated. Grashof numbers smaller than 24,000 (AT = 18°F) resulted in a

flow pattern in the upper region of the gap that wés very similar to the
pattern obser&ed with the 7.0 inch inner body. The region of unsteady
activity in the upper vertical axis region was somewhat wider for the

9.0 inch body‘th;n for thé 7.0 inch body. ﬁo counter rotating cells were
observed in this portion of the gap. For most'of the'flows.investigated,

the motion in this region appeared to be unpredictable and random in
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Figure 4.25 Water Flow Pattern for

ID = 7.0 inches

Ngp = 11050,000 AT

R
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nature. Interference between the upward and downward moving boundary
flows in'the narrdw regio; between the sphere and cube at the midplane-
of the sphere again divided the flow into distinct upper and lower
regions. Flow in the lower region basicaily followed the solid
boundaries, and fluid in the central lower region slowly migrated
toward the inner body. Figure 4.26 illustrates the basic fattern

occurring for N, = 24,000.

Gr
Increases in the Grashof number (NGr > 24,000) resulted in some of
the same trends .that developed for the 700‘inch sphere. Afstrong recir—
culation flow in the upper-central region developed and associated with
this wés the formation of cells between the primary flow and the recir-
culating flow. Three-dimensional flow in the upper central portion of
the gap also became more apparent as the Grashof number was increased.

The flow in the gap for the largest Grashof number investigated (NGr =

59,700, AT = 26°F) is shown in Figure 4.27, -

SUMMARY OF RESULTS

The first section of this chapter contaiﬁed qualitative descrip~-
//tioﬁs oﬁ the fluid flow patterns observed for each spherical body and
test fluid investigated. This section contains a brief summary of the
results obtained. Tables 4.1-4.3 ?rovidé a categorization of all the

flows observed and also indicate transition wvalues of the important
parameters inVolved.‘ The tranmsition Vélugs of Grashof numbers listed
in the tables should not be interpreted as definite divisions between

steady and unsteady flows. These values are suggested to be in the
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Figure 4.26 Water Flow Pattern for
ID = 9.0 inches

1551

Ngp = 16,500 AT




Figure 4.27

Water Flow Pattern for

ID = 9.0 inches

Ny, = 59,700

AT

26°F




Table 4.1

. Summary of Silicomne’ 20 Resglté

Inner Body

Diameter in . ) .
Inches Steady Flow Unsteady Flow
22,800 < NGr < 39,900 ~ 39,9800 < NQr < 534,090'
4,5 7,158,000 < NRa < l;,925,000 . 11,925,000 < NRa < 93,650,000
Peripheral Flow . Climbing~vortices
’ Oscilliating Chimney
3,900 < NGr < _ 7,400 7,400 < NGr < . 123,100
7.0 1,238,400 < NRa < 2,139,900 © 2,139,900 < NRa <19,215,600
Peripheral Flow and Counter~cells at
Recirculation Chimney Base
62 < NGr < 2,300
18,800 < N < 398,200 '
9.0 None a. A

Multiplé Cells in
Upper Vertical Axis Region

_vL...




Table 4.2

Summary of Silicone 350 Results

Inner Body
Diametgrs in
Inches

Steady Flow

Unsteady Flow

| 73 < NGr < 650 .650 < NGr < ,1,399
4.3 295,800 < NRa < 2,100,000 2,100?000‘<.NRa < 3,611,700
Peripheral Flow Accelerating Chimney
25 < N, < 102 102 < N__ < 500
Gr Gr .
101,000 < NRa < 7 333,000 333,000 < NRa < 1,019,000
7.0

Peripheral Flow Random Motion In

Chimney Region
..5<NGr< 1 1<NGr< 12
9.0 1,960 < NRa < 4,500 4,500 < NRa < 26,000

Peripheral Flow
. Separation

" Multiple Cells




Table 4.3

Summary of Water Restlks

Inner: Body
Diameter In ;
Inches Steady Flow Unsteady Flow
993,000 < N,_ < 6,611,000 ~ 6,611,000 < N, < 48,079,000
8,833,000 < NRa < 48,100,000 48,100,000 < NRa < 246,726,000
4.5 _ :
Binary and Tertiary Pattern Vortex~-shedding and
: Three~dimensional Activity
38,400 < N, < ';77,600 177,600 <N, < 2,833,000
7.0 477,000 < NRa < 1,647,000 1,647,000 < NRa < 17,723,000
" Similar to Dog-Face Three~dimensional Activity
4,667 < NGr'< 59,700 -
9.0 None 39,300 < N, < 377,500

Random in Chimney and
Three-dimensional Activity
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neighborhood of the transition from steady to unsteady flow since in
mény cases the exact Begiﬁning of unsteadiness could not be determined.
The general types of flow patterns observed are also indicated on the
tables.

The flow in the gap between the 4.5 inch sphere and the cube with
siiicone 20 as the working fluid could be characterized by three distinct
regions. These regions were (1)’a high-speed layer that followed the
solid-boundaries of the inner and outer geometries, (2) an‘upper inter-
ior region, and (3) a lower relatively stagnant region. For small Grashof
numbers, the upper interior region contained two étéady cells, one on
.egch side of the chimney. These Sécondary cells were located inside the
main peripheral flow and rotated in the same direction. The fesﬁlﬁing
pattern was similar to the fdog—facef.pattern observed by Yin (6) with
the exception.of the location of the cells. Grashof numbers larger than
39,000 (AT >20°F) resulted in an unsteady périodic pattern in which the
aforemeﬁtionéd cells climbed up the sides of the chimney and lost their

/vortex identity as they were engulfed in the high;speed peripheral flow
acroés fhe top of the enclosure. Slight tangential oscillations of the
éhimney were also associated with the climbiné vortices, Additional
changes in the upper central region accompanied increasing values of the
Grashof number although the basic unsteady pattern reamined unchanged
(except for the period Whicﬁ decreased as the Grashof number incr?ased).

Grashof numbers larger than 65,700 (AT > 29°F) resulted in a slight ,
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return flow and a recirculation of flow in the upper central.region.
A smail corner.eddy was also noted at lérge Grashof ﬁumbers.

A recirculation of flow in the upper central porﬁion of the gap was
observed thropghout the rangé of Grashof numbers investigated for the 7.0
inch diameter sphere and the silicone 20 fluid. For Grashof numbers less
than 7;400 (AT < 23°F), the flow pattern was steady. The -high-speed
peripheral flow basically followed the c&ntours 6f the inner and ouéer

.geometrieé. The high—sﬁeed flow down the enclosure's side separated at
a point below the inner‘body midplane. Axisymmetry was indicated by
the thermal plume that formed around the vertical axis of the inmer
body. A small c;rner eddy, similar to that observed Witﬁ the 4.5 inch
sphere, was also present. An unsteady pattern occurred as the Grashof
number was increased above 7,400. . This pat;erﬁ was characterized by
the periodic formation of ve;ylsmall counter rotating cells at ;he base
of thé thermal plume and also by the presence of secondary cells inside
the primary flow. Large Grashof numbers resulted in a separation of the
; upward moving high—sPeea primary flow from the inner body. For this case,
the uppe¥ vertical axis region was dominated by random motion, and.the

secondary cells inside the primary f£low exhibited  an expansion-contraction

- motion although they did not translate laterally:

Separation of the boundary flow from the inner body occurred through-
out the range of Grashof numbers observed (62 < NGr < 2,300) for the 9.0

inch body and the silicone 20 fluid. The flow separated at a point about
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25 degrees. below the veffical axis of the sphere. The close proximity

of the inﬁer body and the enclosure at the midplane of the sphere appeared
to divide the flow in the gap into_two separate regions. This occurrence
was caused by the interference bétweén the.upward and downward moving
boundafy flowé in the midplane region. The upper vertical axis portion
of the gap was dominated by unsteady activity. Multiple rotating cells
were noted to form nonpéripdically-iﬁ this portion of the gap. The
geometry in the upper vértical axis region suggests that these cells may
'be'similar to Benard Cells which are normally associatéd with the flow
between horizontal. parallel plates heated from below. Increasing the
Grashof number above 184 resulted iq changes in the flow pattern that
were similar to those observed with the 7.0 inch inner body; Secondary
¢ells and a recirculation of flow occurred in £he upper central region.

Grashof numbers smaller than 160 with the 4,5 inch diameter body

and the silicone 350 fluid resulted in a steady pattern in which the flow
followed the. solid boundaries of the system. Slight increases above
fthis value (170 <Ng. < 560) re;ulted in the formation of steady wvortices,
one on each side of the chimney, in the region where the primary flow
turned to form the chimpé&. -Grashof numbers larger than 560 produced an
unsteady pattérn. The cells adjacent to the chimney now formed period-
ically, remained stationary for a short time, and then rotated up the
gide of the chimney accelerating as they went. An acceleration of fluid

in the chimney was associated with the upward movement of the cells. The
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exact mechanism for this occurrence is unknown, but it is postulated

to be due to thermal or hydrodynamic instabilities or a combination of

" the two.

~—

Utilizing silicone 350 as the test Ffluid and the 7.0 inch inner

body resulted in a steady pattern for NGr < 102, Fluid flow Ffollowed

the contours of the inner and outer geometries., Grashof numbers near

the upper range of the steady flow regime reSulted in the formation of
rotatiﬁg cells.adjécent.to the thermal plume that were very similar to
those'observed With this body and the 20 cs fluid. .A basic unsteady
periodic pattern occurred for NGr > 102, This pattern was characterized
by slugs of'flﬁid being ejected into the chimney region and a consequeﬁt
separation of the primary flow over the inner body surface. The rota-
ting cells'adjacent to the chimney were noted to forﬁ and disperse‘in a
periodic fashion for‘this cése.

Fluid flow patterns with the 9.0 inch body and the silicone 350
fluid were basically thé same as those observed with the 20 cs fluid.
Separation of the upward boundarj flow from the inner body surface
occurred for all the cases investigated. The upper vertical azxis region
was charécterized by relativgly stagnant fluid fér very émall Grashof
numbers. Moderate and large Grashof nﬁﬁbérs resulted in the formation
of multiple cells in this regidn.: The narrow space between the sphere
and cube at the midplané divided the gap into distinct upper.apd lower

regions as was the case with the 20 cs silicone.
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For NGr.< 2,649,000, a binary pattern was observed with the 4.5 inch
inner body and Wafer as the working fluid. In this.pattern two steady
cells existed on each side of the-thermal plume. One wags near the top
of the enclosure, and the other was about halfway up the chimney. - Flow
adjacent to the chimney moved around theée cells to form a gooseneck

.shape. The upper range of Grashof numbers in the steady flow regime led
to a tertiary type pattérn in the upper central region of the gap. This
pattern was similar to the tertiary pattern observed by Yin (6). Grashof
numbers larger than 6,611,000 résulfed in unsteady flow in which the cell
near the top of the {cube was obser&ed to'migrate away from the chimney
into the central regian. This action caused violenf disruptions of the
fiow in the central portién of the gap.' Observations in the offset plane
re?eéled that this pattern was highly ;hree—dimensional in nature.

The 7.0 inch body with water as the gap medium had flow character-
istics very similar to the same body with silicone 20 as the gap medium,
Small Grashof numbers resulted in a flow.similar to the “dog-face" pattern

/Wifh the secondary cells shifted laterally away from the chimney region.

‘ Small counter rotating cells near the base of the chimngy were observed
for small and moderate Grashof numbers.- Flow recirculation in the upper
central regioﬁ was noted until large Grashof numbers were reached. At

- this time, random activity dominated the chimmney area, ard the fluid in

the upper region was in an unpredictable three~dimensional state of

motion,
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Unstegdy flow existed for the whole range of Grashof numbers
investigated with the 9.0 inch sphere and water as the gap fluid. The
upper vertical axis reéion appeared random and unpredictable in natﬁre
" for all cases investigated although the upper part of the gap flow was
similar to that observed for the 7.0 inch body with water. Interference
- between the upward and downward boundary flows in the narrow region at
the midplang again distinctly dividéd tﬁe‘flow into upper and lower
regions, Three-dimensional activity became more predominate in the
upper central region as the Grashof number was increased to its maximum
value,

The Prandtl number in this in&estigatipn ranged from 5.1 to 4,106.
Throughout this range, the basic peripheral fIOW'patfern always.existed.
Iﬁ general, the only aﬁparent effect of the higher viscosity fluids was
to coﬁfine any flow unsteadiness to small regions. Thus it seems there
.is oniy a relatively small Prandtl number effect on the flows ébserved.'

YA témperature profile for the 7.0 inch sphere and silicone 20 as

the gap fluid ié shown in Figure 4.28. The flow pattern corresponding
r to this particular temperature difference’ (AT = 76°F) is shown in
 Figure 4.6. Past investigators.(l,_ﬁ; 14, 15) have inte;éretéd the
temperatﬁre profiles iﬁ terms of five basic regions. These regions
are (1) two areas of steep gradient adjacent to the solid bounﬁariés,
(2) a £elatively flat portion, and (3) transition regions between the
areas of étéep gradient'and the flat portion of the curve. Cémparison

of Figures 4.28 and 4.6 indicates that the profiles agree reasonably
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Figure 4.28 Temperature Profiles for 7.0 inch Sphere (Silicone 20), AT = 76°F (l@_)

—58_




- 84 ~
well with the flow pattern observed. The regions of steep slope on
the profiles correspond to the thin high-speed peripheral flows that

follow the solid boundaries of the system. In these regions hot fluid

'is rapidly convected away resulting in a large temperature drop in a

small-radial distance, As seen from Figure 4;28,‘the 80, 120 and 160
degree prof;les (the angles signify the locatdions measured from the
upper vertical axis of the inner body at which temperature profiles -
were taken) are relatively flat in the. central part of the figure.
These areas correspond to the relatively stagnant ;entral and lower
regions shown. in Figure 4.6, In these portions‘pf the’gap, conduction
is the doﬁinant mode'of heat transfer. The transition regions on

tge temperature profiles correspond to portions of the gap in which
both conduction and convection heat transfer occur.. A temperature

inversion is noted at the 34 degree location on Figure 4.28. This is

due to theistrong recirculation of flow in the upper central region

" shown in Figure 4.6, Temperature variations were indicated by the

; temperature probe at the 0 degree location. The variations were caused

by the random activity observed in the upper vertical axis region.




CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

An existing apparatus used to. investigate the natural convective
flow between a sphere and a cubical enclosure with air as the gap medium
was extended to incorporate water ‘and two silicone oils as test fluids,
Fluid flow phenomena were investigated in (1) a vertical plane passing
through the inner Eody's'vertical axis and perpendicular to the cuBical
enclosure's side and (25Aa plane parallel to but shifted 1.65 inches
away from the plane throﬁgh the vertical axis of the sphere.

For the variety of inner bodies and fluids used, a high—speed-
peripheral flow generally followed the contours of the inner and outer
geometries. Unsteadiness usually occur¥ed in the upper portion of the
gap when the imposed temperature difference between the inne¥ and‘outer
bodies was sufficientiy large, Unsteadiness was usually confined to
smaller areas of the gap as the Prandtl number increased, Nonsymmetry
caused by haﬁing a spherical body located in a cubical enclosure usually
resulted in éoﬁe three-dimensional activity. This activity was much more -
prbnounced at large temperature differences than at small temperature
differences.

Several recomﬁendations are in order if future work is to be déne
with the apparatus. Modifications should be made so that visual
observations can be made on a vertical diagonal plane of the cube, Poor
lighting and optical distortions rendered it impossible:to take photo—

graphs on this plane in this investigation. Changes in the top channel
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of the water jacket should also be made so that visual observations on
a ho;izoﬁtal plane:can:be conducted, Thg continual presence of air
"bubbles in the top channel prohibited horizontal plane investigations,
‘The effects of eccentric locations of the inner body on the convective
activity in the gap should also provide useful and interesting work for

the future.
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