
Natural convective flow patterns between an isothermal heated inner body and an isothermal cooled
cubical enclosure
by Lucius Loren Eyler

A thesis submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree of
MASTER OF SCIENCE in Mechanical Engineering
Montana State University
© Copyright by Lucius Loren Eyler (1973)

Abstract:
Qualitative analyses of the natural convective flow between isothermal heated inner bodies and an
isothermal cooled cubical enclosure are presented, Five inner bodies were investigated with diameters
ranging from 3„5 inches to 9.0 inches. The cubical enclosure was 9,9 inches on a side. The inner bodies
were located concentrically in the cubical enclosure, Air was the gap working fluid and cigar smoke
provided the tracer particles used to visualize the flow.

The flow in the gap for the 3.5 inch and 4.5 inch inner bodies was steady for all the temperature
differences investigated, The resulting flow was characterized by three distinct regions; a high speed
boundary region, an upper interior region characterized by at least one eddy formation, and a slower
moving lower region. The 5.5 inch inner body exhibited similar flow for the lower temperature
differences.

For the higher temperature differences, a periodic unsteady flow was noted in the upper central region
in the form of a pulsating spiral eddy formation. The largest inner bodies, 7.0 inch and 9.0 inch spheres,
exhibited nonperiodic unsteady flow for all the temperature differences investigated. This unsteady
flow was characterized by the upward high speed flow separating from the inner body and a random
"falling" of a slug of fluid from the upper vertical axial region into the upper central region. The slug of
fluid would momentarily disrupt the flow in the upper central region. In general, the flow was noted to
be symmetric, with respect to the cube's diagonal vertical planes and the cube's perpendicular vertical
planes, for the steady flow cases and nonsymmetric for the unsteady flow cases. 
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ABSTRACT

Qualitative analyses of the natural convective flow be­
tween isothermal heated inner bodies and an isothermal cooled 
cubical enclosure are presented«, Five inner bodies were in­
vestigated with diameters ranging from 3„5 inches to 9„0 
inches. The cubical enclosure was 9,9 inches on a side. The 
inner bodies were located concentrically in the cubical en­
closure, Air was the gap working fluid and cigar smoke pro­
vided the tracer particles used to visualize the flow.

The flow in the gap for the 3,5 inch and 4,5 inch inner 
bodies was steady for all the temperature differences investi­
gated, The resulting flow was characterized by three dis­
tinct regions? a high speed boundary region, an upper inter­
ior region characterized by at least one eddy formation, and 
a slower moving lower region. The 5,5 inch inner body ex­
hibited similar flow for the lower temperature differences.
For the higher temperature differences, a periodic unsteady 
flow was noted in the upper central region in the form of a 
pulsating spiral eddy formation. The largest inner bodies,
7,0 inch and 9,0 inch spheres, exhibited nonperiodic unsteady 
flow for all the temperature differences investigated. This 
unsteady flow was characterized by the upward high speed flow 
separating from the inner body and a random "falling" of a 
slug of fluid from the upper vertical axial region into the 
upper central region. The slug of fluid would momentarily 
disrupt the flow in the upper central region. In general, 
the flow was noted to be symmetric, with respect to the cube's 
diagonal vertical planes and the cube's perpendicular verti­
cal planes, for the steady flow cases and nonsymmetric for 
the unsteady flow cases.
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NOMENCLATURE

Description

Characteristic lengths 
Specific heat 
Empirical constants 
Deviation (defined by eq, 4 Q2) 
Acceleration of gravity 
Coefficient of convection 
Thermal conductivity
Length parameter (defined by eq0 2*3)
Grashof number (defined by eq* 2*1)
Nusselt number (defined by eq* 2*5)
Pfandtl number (defined by eq* 2.2)
Rayleigh number (defined by eq* 2*6)
Arithmetic mean temperature (defined 
by eq* 4*1)
Average inner body temperature 
Local outer body temperatures
Average outer body temperature

/Difference between the average inner 
body temperature and the average outer 
body temperature
Coefficient of thermal expansion
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Dynamic viscosity 
Density



CHAPTER I
INTRODUCTION

The purpose of this paper is to qualitatively relate 
the experimental results obtained during investigations of 
the flow characterizations of air in a finite enclosure.
The finite enclosure consisted of an inner spherical body, 
supported on a stem and concentrically located in a cubical 
enclosure. Flow in the enclosure was created by heating the 
inner sphere and cooling the outer enclosure, resulting in 
a natural convection process.

In recent years, experimental work in this area has 
contributed significantly to the overall understanding of 
natural convection phenomena in the area of natural convec­
tion heat transfer between a given body and an enclosure.
Work has shown that empirical relations can be obtained to 
correlate experimental data relating the heat transferred by 
natural convection between certain body shapes and a spher­
ical enclosure (!./2,3̂ )*, Concurrent work has also shown that 
flow visualization methods aid in describing the heat trans­
fer results (4, 5̂),

The apparent need for experimental work in this area
stems from the realization that analytical work in this area
is difficult. The set of differential equations governing
* Underlined numbers in parentheses refer to references 

cited in the bibliography.
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natural convection heat transfer in enclosed regions has 
not been solved because the usual simplifying assumptions 
involving the boundary layers, boundary conditions, and 
pressure gradients cannot be made= Thus, the coupled, non­
linear, partial differential equations are amenable to no 
general solution. Consequently, due to lack of any gen­
eral solution of the problem of natural convection heat 
transfer in finite enclosures, experimental work necessar­
ily requires both empirical relations for heat transfer data 
and visualization of the fluid flow in order to adequately 
describe the interaction of the thermal and hydrodynamic 
effects.

Several possible extensions of the work done in this 
area can be thought of. , As examples, considerations can be 
made of its application to electronic instrument packaging, 
spent fuel container design, in-pile experiments, and fire 
fighting techniques. However, it must be kept in mind that 
these are possible projected applications and in the present 
work no direct application is attempted.

The work completed and results obtained during the pre­
paration of this thesis contribute to the presently availa­
ble information in the area of natural convection heat trans­
fer in a finite enclosure. Also, it. is part of a continu­
ing project at Montana State University. Closely related
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work in this area was conducted by Baughman (J5) and Yin (4) 
and reference is made to any similar results and conclusions 
they reached„ However, they utilized a spherical enclosure 
rather than a cubical enclosurec This work is apparently the 
first of its kind which utilizes a cubical enclosure, thus 
adding a new contribution to this particular area of heat
transfer



CHAPTER II
LITERATURE REVIEW

Free or natural convection heat transfer is a form of 
energy transfer resulting from motion of a fluid due to den­
sity differences. The density of a fluid, whether a liquid 
or gas, generally changes in the proximity of a heat source, 
thus causing a bouyancy force which results in the fluid mo­
tion, However, without the presence of an external force, 
such as gravity or rotation, the bouyancy force would not 
arise,

As previously noted, analytical solution of natural 
convection systems is generally quite complex. Solutions 
are available for several simple configurations for free 
convection to an.infinite medium and for several enclosed 
regions (6,2/8). Consequently, a number of experimental 
investigations have been reported for more complex geome­
tries including several enclosed regions.

The dimensionless parameters involved in a free con­
vection system have been determined by both the differential 
and dimensional methods. Both methods are reported by Jakob 
(7), and the important resulting dimensionless groups are

P2CT^(TH-Tn) a3
55 ff (2.1)



5
(2.3)and L = — =, b

NGr is the Grashof number and Npr is the Prandtl number0 
The length parameter, L, is a ratio of the two character­
istic dimensions, a and b, of the system under investiga­
tion.

Also reported by Jakob is a relation for correlating 
heat transfer. It has been proposed that

Nn u  = d » (NGr)e « (Npr)f ' (2.4)

where d, e, and f are constants that must be determined ex­
perimentally. Nn u is the Nusselt number given by

where a is a characteristic dimension of the system under 
investigation. Another oftentimes very convenient dimen­
sionless group is the Rayleigh number, given by the product 
of the Grashof number and the Prandtl number, or

NRa = (2.6)

A series of experimental works has been reported con­
sidering the natural convection flow process in a spherical 
annulus. Flow visualization of the basic case of concen­
tric isothermal spheres was first investigated by Bishop (I).
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He used air as the gap working fluid and investigated dia­
meter ratios of 1.19, 1.37, 1.72, 2.53, and 3.14. He in­
vestigated temperature differences of 5°F up to a maximum 
of 60°F. An extension of the concentric isothermal spheres 
using air as the gap working fluid was conducted by Yin (4). 
He investigated diameter ratios of 1.40, 1.78, and 2.17.
His results extended the Grashof number to 1,156,000.

Both researchers reported the flow visualization in 
terms of the flow patterns observed. The former work ini­
tially noted three common patterns. These were named (I) 
the ,lcrescent-eddy" type, (2) the "kidney-shaped-eddy" type, 
and (3.) the "falling-vortices" type.

Bishop observed the "crescent-eddy" pattern for dia­
meter ratios of 1.37 and 1.72 for all the temperature dif­
ferences investigated, while with diameter ratios of 1.19, 
2.53, and 3.14, the "crescent-eddy" pattern occurred only 
for lower temperature differences. The "kidney-shaped-eddy" 
pattern occurred for diameter ratios of 2.53 and 3.24 for 
moderate to high differences in temperature. The last pat­
tern, the "falling-vortices“ type, was the only unsteady 
pattern noted by Bishop, and occurred only for a diameter 
ratio of 1.19 at moderate to high temperature differences. 
All of the steady patterns investigated were reported to be 
characterized by three flow regions. These regions were
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(I) a thin high speed layer immediately adjacent to each 
solid boundary, (2) a low speed central region, and (3) a 
transition region between the former two regionse In addi­
tion, a relatively stagnant region was noted in the lower 
portion of the annulus for some cases. The one unsteady 
flow was characterized by the apparent periodic formation 
of counter-rotating vortex pairs near the upper vertical 
axis. The vortices would form, then coalesce and "fall" 
into the central-eddy region, momentarily disrupting the 
central region.

Yin6S results consisted of repeating and verifying 
some of the results obtained by Bishop, and investigating 
higher temperature differences and other fluids. Compar­
ison of the results of both investigators revealed similar 
flow characteristics in air for most cases. Slight differ­
ences noted by Yin included (I) small tangential oscilla­
tions of the vertical plume at some higher temperature dif­
ferences, (2) some unsteady contractions of the central- 
eddy region at higher temperature differences, (3) the lack 
of a stagnant lower region for the smallest diameter ratio 
and higher temperature differences, and (4) the appearance 
of a three dimensional spiral flow near the upper vertical 
axis at the highest temperature differences of the smallest
diameter ratio
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A more recent continuation of the spherical enclosure 

case was conducted by Baughman (ES). He investigated air 
as the gap working fluid but utilized spherical bodies po­
sitioned eccentrically above and below the concentric po­
sition* These results showed that the eccentric locations 
affected the flow basically in that there were only geome­
tric distortions of the three basic flow patterns previously 
reported for the concentric case. Postulations were also 
made as to the effect of the eccentricities on the mechan­
isms of heat transfer involved.

Analytical and experimental work has been done in the 
area of a long rectangular enclosure. Batchelor (9), by 
expanding a dimensionless temperature and a dimensionless 
stream function in power series of the Rayleigh number, 
found an analytical solution considering only two-dimen­
sional flow in a long rectangular enclosure. This rectan­
gular enclosure case, where heat was transferred between 
the two vertical walls which were at different temperatures, 
was extended using numerical methods by Davis (10), Wilkes 
and Churchill (11), and Newell and Schmidt (8). A more 
complete reference listing appears in Newell and Schmidt. 
These works, even though they do concern enclosed regions, 
are not directly applicable to this work in that no inter­
nal body was present. Powe, Carley, and Carruth (12)
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numerically investigated natural convection in cylindrical 
annuli.

This literature review covers several pertinent aspects 
relating to this work. However, no directly relatable re­
ferences are available concerning the results of this work, 
that of investigating the natural convection process be­
tween a concentrically located isothermal heated spherical 
inner body and an isothermal cooled cubical enclosure by 
flow visualization methods.



CHAPTER III
EXPERIMENTAL APPARATUS AND PROCEDURE 

EXPERIMENTAL APPARATUS
Use of an isothermal cubical enclosure as the outer 

configuration for the natural convective flow visualization 
project at hand required both design and assembly of a new 
experimental apparatuse The most closely related previous 
work utilized an isothermal sphere as an enclosure config­
uration, Based on the successful results obtained by Yin 
(4) and Baughman (5j with the spherical enclosure, their 
apparatus was chosen as the basic model for the design and 
assembly of the apparatus utilizing a cubical enclosure. 
Several modifications were adapted to this new apparatus 
and several improved features were incorporated in the de­
sign, Figures 3,1, 3,2, and 3,3 show the experimental ap­
paratus, a schematic indicating the relation of the sup­
port equipment, and a cutaway drawing of the sphere-cube- 
jacket arrangement, respectively.

Due to the nonsymmetry caused by having a sphere lo­
cated within a cubical enclosure, the flow was viewed in (I) 
a vertical plane perpendicular to a cube face through the 
sphere's vertical axis, (2) a diagonal vertical plane 
through the vertical axis of the sphere and oriented at ap­
proximately 45° with a cube face, and (3) horizontal planes.
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»

Figure 3.1 Experimental Apparatus

I
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Figure 3.2 Schematic Showing the Support Equipment



13

Cooling Jacket

Outer Body

Im ier
Test
Body

Support
Stem

O-ring Seal

SupportVent Frame

Figure 3.3 Cutaway Drawing of the Sphere-Cube- 
Jacket Arrangement.
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The need for three planes of view stemmed from desiring to 
investigate any asymmetry of the flow, any three-dimensional 
flow, and/or the extent of unsteadiness of the fIowa Figure 
3*4 shows the relation between the view planes investigated* 

The cubical outer body was made of sheet Plexiglass 
with a nominal thickness of 0*25 inches and measured 9*9 in­
ches on an inside edge* Plexiglass met the transparency re­
quirements and allowed for ease of machining and assembly* 
Machine screws were used to hold the bottom and sides togeth­
er while a silicone sealant was used during assembly to in­
sure a leakproof container* The top edges were tapped and 
fitted with studs* Wing nuts allowed for ease of removal of 
the top while a gasket provided sealing around the top*

In the bottom, a centrally located 0*525 inch hole was 
drilled to allow passage of the 0*500 inch OD inner body 
support stem* The inner bodies are described later* In one 
corner of the top, a vent hole was fashioned to serve a two­
fold purpose* It allowed for purging of the cigar smoke 
during each experimental run with air as the test fluid, and 
provides a fill vent for use in future studies to be conduc­
ted on the apparatus with liquid test fluids* Similar vent 
holes were located in the bottom of the cube for purposes of 
introducing the cigar smoke and filling the gap with a test
fluid
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Figure 3.4 Drawing Showing the Orientation of the 
Planes in which the Flow was Observed.
(T)- perpendicular Vertical Plane 
(T)- Diagonal Vertical Plane 
(T)- Horizontal Planar Sections
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At 21 locations on the outer body* copper-constantan 

thermocouples were placed to monitor the surface tempera­
ture on the inside of the cube. Small holes were drilled 
through the Plexiglass and the thermocouples were epoxied 
in place* flush with the inside surface.

Surrounding the outer body was a jacket through which 
a cooling fluid could be circulated. The top* front* and 
right sides were made of sheet Plexiglass with a 0.500 inch 
nominal thickness. The bottom and other two sides were made 
of sheet aluminum. The jacket was held together in a simi- . 
Iar fashion to the outer body, with machine screws and a sil­
icone sealant. The top edge was fitted with studs, and wing 
nuts provided for ease of access to the outer body while a 
gasket provided the seal.

The cubical outer body was supported around its base 
by a frame attached both to the outer body and to the cool­
ing jacket. Concentric with the stem hole in the bottom 
of the outer body was a solid rectangular adaptor with a 
0.525 inch hole through it. Fitted between this adaptor 
and the bottom of the outer body was an 0-ring that sealed 
the stem of the inner body. A V  Conax packing gland was 
used on the outside of the water jacket to provide a back­
up seal to the aforementioned 0-ring and to provide a posi­
tive control for positioning and securing the inner body at
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the desired vertical location.

The cooling jacket provided containment of the cooling 
medium utilized in maintaining the outer body in an isother­
mal condition. With air as the gap working fluid, forced 
air cooling was used to maintain the outer body isothermal. 
The coolant entered the jacket via a centrally located in­
let duct on the top of the jacket, and impinged directly on 
the top center of the outer body. The coolant exited via 
four ducts located in the bottom corners of the jacket.
This arrangement provided cooling for the top and sides of 
the outer body. The• bottom portion of the cooling jacket 
was separated from the main portion by the outer body sup­
port frame. A coolant inlet and exit to this lower region 
allowed for a necessarily different cooling rate along the 
lower portion of the outer body. Also located in this re­
gion immediately beneath the bottom surface of the cube was 
a 0.25 inch diameter tubular resistance heater, in the e- 
vent that heating, not cooling, of the bottom of the outer 
body was required to maintain an isothermal condition. 
However, it was found that with air as the gap working 
fluid, stagnant air in this region yielded an isothermal 
state when coolant was flowing over the other five sides 
of the outer body.

The five spherical inner bodies used in this
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investigation were kept isothermal by use of heating tapes 
attached to the inner surface of the 0,030 inch thick cop­
per spheres. These tapes, manufactured by Clayborn Labs, 
Inc,, were 0,125 inches wide and consisted of a resistance 
wire embedded between a metallic insulative foil on one 
surface and an adhesive compound on the other surface.
The adhesive surface allowed the sections of tapes to ad­
here to the inner surface of the sphere while being wound 
spirally around the inside of the sphere. The tapes were 
spaced at approximately one tape's width apart. Figure 3,5 
shows these tapes in a 7,0 inch sphere. Once the tapes were 
installed, a thin layer of silicone sealant was spread over 
the entire inner surface to insure adhesion. The number of 
tapes in each body varied depending on the size of the body. 
Four tapes were used inside the 3,5 inch sphere and a max­
imum number of eight tapes was used in the 9,0 inch sphere. 
Although the length of each segment of tape in a body was 
somewhat arbitrary, approximate ratios of the lengths were 
arrived at by assuming a necessary power density relation 
along a vertical circumference, then trying to approximate 
this variation by use of the various tape lengths. It was 
found that this was not an altogether accurate approxima­
tion, but when coupled with an exterior power regulation 
system, the results, were quite adequate. Thus, varying the



Figure 3,5 Interior of Inner Sphere
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power to each tape segment allowed the Inner bodies to 
he kept at an essentially isothermal condition, as dis­
cussed Iater0

Copper-constantan thermocouples were used to monitor 
the inner body temperatures« Holes were drilled through 
the copper spheres' and the thermocouples were glued in 
place from the inside of the spheres, flush with the ex­
terior surface* Later, the exterior surface was soldered, 
filling the thermocouple holes, then filed smooth*

Both the thermocouple leads and the power leads con­
nected to the heating tapes exited the inner body via a 
0*500 inch OD stainless steel tube soldered to the base of 
the copper sphere* In addition, this stem supplied a means 
of support of the inner body when in position within the 
cubical outer body*

After checking for continuity of all tapes and thermo­
couples, final assembly of the inner test bodies involved 
stuffing the two hemispherical halves with a fiberglass wool 
insulative material and soldering the two completed halves 
together * The fiberglass material served the purpose of 
minimizing any internal convective activity*

The foregoing describes the main experimental appara­
tus* Following is a brief description of the support equip­
ment
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Forced air cooling was provided by a 30 cfm fan. It 

was not necessary to attempt to control the cooling air 
temperature since a desired temperature difference could 
be obtained by adjusting only the inner body's surface tem­
perature.

S

The main power supply was an AC Variac autotransformer. 
This supply.was connected to a control panel consisting of 
eight 10-ohm single-turn rheostats. Thus with the main 
Variac voltage setting fixed and a variable resistance in 
series with each tape, the power produced by each tape 
could be regulated by use of the rheostats.

Temperature monitoring was by use of Honeywell 24 
point thermocouple switches and a Digitec DC millivolt- 
meter manufactured by United System Corporation. The tem­
peratures were recorded as millivolt readings and later con­
verted to degrees by the data reduction computer program.

A light source consisting of three 300-watt (3400°K) 
home movie lights and simple reflection system provided 
an approximately collimated beam of light which then passed 
through three 0.25 inch slits, thus allowing planar views 
of the flow region under investigation. A calumet 4" x 5" 
professional camera and Tri-X Pan professional film was 
used for photographs.
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EXPERIMENTAL PROCEDURE

The inner body to be investigated was placed in the 
apparatus after having been painted flat black to reduce 
unnecessary reflections. After the outer body and jacket 
tops were replaced, the cooling fan was started and cigar 
smoke was injected slowly into the gap. A visual check 
was made for any disturbances of the working fluid which 
might be caused by a poor seal of the gasket around the top 
of the outer body. When no disturbances were noted, the 
inner body.was centrally positioned by marking the stem at 
the maximum upper position and the maximum lower position 
of the inner body and securing the stem with the packing 
gland at the midpoint of the two marks. With the body po­
sitioned at the correct vertical position, the power leads 
were connected to the control panel and the thermocouple 
leads.connected to the switch box.

With the cooling system operating, the power to the 
heating tapes was set, and time was allowed for a steady 
state to be reached. The inner body thermocouple readings 
were checked. If an isothermal condition did not exist, 
the control rheostats were adjusted in an appropriate man­
ner and time allowed to reach a new equilibrium. Once the 
inner body became isothermal at an equilibrium state, inves­
tigation of the flow region was conducted.
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Cigar smoke# used to provide tracer particles with air 

as the test fluid, was injected, into the gap* Care was used 
in this injection as not to unnecessarily disturb the flow 
conditions* With the light source positioned so the de­
sired viewing plane was illuminated,, the flow characteriza­
tions were noted and/or photographs taken* A short time was 
required for the smoke to be distributed in the flow field* 
However, the time available for each investigation of the 
flow was limited to the time it took for the cigar smoke, to- 
be diffused such that flowlines could no longer be distin­
guished*

After each planar investigation, the gap was purged* 
Before another viewing could be made, equilibrium again had 
to be reached*

This procedure was repeated as many times as were re­
quired to adequately describe the flow* The data recorded 
for each run included &

1) inner body thermocouple readings - mv,
2) outer body thermocouple readings - mv,
3) atmospheric pressure. - inches of mercury,

a n d . 4) power control rheostat settings, % of full value* 
Other pertinent data recorded were the run number, the total 
wattage to the tapes, the inner body size, the time, the 
date, and the plane being investigated*



CHAPTER IV
EXPERIMENTAL RESULTS

The experimental results are presented in two sec­
tions „ The first section includes the qualitative dis­
cussions of the flow patterns that were observed and pho­
tographed for each of the five spherical inner body sizes* 
This section contains a subsection for each different inner 
body size wherein individual characteristics are notede 
The second section is a summary of the experimental re­
sults* Similarities and dissimilarities of the character­
istics of the five bodies are noted, and pertinent discus­
sions are presented* However, before the results are pre­
sented, several points should be discussed*

As previously noted, with air as the gap working fluid, 
cigar smoke was used as the tracer particles* Generally, 
the smoke particles yielded satisfactory results* However, 
in some cases, the cigar smoke was a poor flow indicator.
At low temperature differences, the cigar smoke particles 
seemed too heavy to be carried into the slow moving regions 
of the flow. In the faster flow regions, the smoke would 
diffuse to the point where no flowlines were visible, while 
in the slow moving regions no smoke was yet evident. Con­
versely, at high temperature differences when the fluid 
velocities were large throughout most of the flow field.
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the smoke would diffuse to the point where the flow be­
came indistinguishable in a very short time.

The properties of the air in the gap were considered 
temperature dependent. The temperature at which these pro­
perties were determined was the arithmetic mean temperature 
of the inner and outer bodies. This mean temperature was 
defined as

^am = (l̂i, ave + ^o^ave^^3 (4,1)

A note on the error involved in the assumption of iso­
thermal ity of the outer body is appropriate„ Upper and 
lower limits on the impressed temperature difference were 
dependent on being able to keep the outer body isothermal,
At low temperature differences, small temperature variations 
on the outer body resulted in large percent deviations of 
the temperature difference between the inner test body and 
the outer body, A percent deviation was defined as the ab­
solute value of the difference between the local outer body 
temperatures and the average outer body temperature divided 
by the difference between the average inner body tempera­
ture and the average outer body temperature, or

Dev .1.11 - x ioo,
(Ti,ave ” To,ave)

(4,2)

The lower and upper limits of the temperature difference
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were chosen so that the maximum deviation would he 20%o In 
general, though, this deviation was less than 10% for most 
of the presented results» The upper limit was also set by 
another factor. This investigator felt that the upper limit 
on the temperature difference between the inner body and the 
outer body that could be reached was when the outer body 
could not be kept below 120°F. This was based on what was 
felt to be the limitations of the Plexiglass material of the 
outer body.

In the flow pattern descriptions that follow, the char­
acteristic dimension used in calculating the Grashof number 
(equation 2.1) was defined as one-half the difference be­
tween the length of the side of the cubical outer body and 
the inner body's diameter. This characteristic dimension 
will hereafter be referred to as the gap width. The temper­
ature difference used in calculating the Grashof number was 
the difference between the average inner body temperature 
and the average outer body temperature.

It should be noted that a difficulty arises in inter­
preting the flow in the horizontal sections through the flow 
patterns. At the horizontal sections investigated, the ma­
jor flow movement was in the vertical direction. Conse­
quently, flow movement parallel to the horizontal sections 
was nearly indistinguishable. Thus it was felt, in most
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cases, descriptive analysis of the horizontal plane sec­
tions was limited to discussion of apparent symmetry and, 
in only a few cases, to noting major aspects of three di­
mensional flows*

Due to the amount of calculations that had to he made 
for each flow case, a computer program was utilized. This 
program is listed in the Appendix and was written for and 
run on a Xerox Data Systems Sigma 7 digital computer.

FLOW PATTERN DESCRIPTIONS
3.5 INCH SPHERE

. The first sphere-cube arrangement investigated was a
3.5 inch sphere located concentrically in a 9.9 inch cube, 
with a gap width of 3.2 inches. The temperature differ­
ences investigated were from A T  = 24°F (Nyr = 626,000) to 
AT = IlS0F (NGr = 2,042,000).

The flow pattern observed in the vertical plane per­
pendicular to a cube side for the lowest temperature dif­
ference is shown in Figure 4.1. (Figure 3.4 shows the 
orientations of the planes of view investigated.) Evident 
in the flow pattern are the three flow regions that appeared 
in nearly all of the flow cases investigated in the perpen­
dicular vertical plane. These regions are: (I) a relatively 
high velocity region that basically followed the geometric
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Figure 4.1 Flow pattern in the perpendi­
cular Vertical Plane for
ID = 3.5 inches
AT = 24°F
NGr = 626,000
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configuration of the solid boundaries, (2) an upper central 
region that was characterized by at least one interior cor­
ner eddy type flow and usually a slight amount of three di­
mensional effects, and (3) a lower region characterized by 
relatively slow moving fluid and, oftentimes, a small amount 
of three-dimensional fIow6 The individual characterizations 
of each region are discussed in more detail for each flow 
discussed hereafter0

As evident in Figure 4*1, the high speed region follows 
the contour of the solid boundaries0 A steady, vertical 
plume appears along the upward vertical axis as the upward 
flow leaves the inner sphere* The plume visually separates 
the flow into two portions in the plane, indicating axisym­
metry* The downward fluid flow along the cube side, as it 
is cooled, separates from the surface and begins a slow drift 
in the lower region toward the inner sphere* In the upper 
central region, a single eddy is evident in the upper cor­
ner* Also in the upper region, some three-dimensional ef­
fects are present* This was the only case investigated 
where a seemingly void space (at the midplane) appeared in 
the flow pattern* Higher temperature differences and dif­
ferent size inner bodies did not yield such a void space*
It would be unreasonable to assume this space were complet­
ely stagnant* Possibly, it is a very slow eddy or spiral
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motion into which no smoke enterse

The flow in the diagonal vertical plane appears in 
Figure 4 02# which is for AT = 33°F (NGr = 758,000)«, The 
diagonal flow pattern shown is representative of the pat­
terns encountered for all the diagonal observations with 
this inner body. The flow consists of high speed fluid 
following the upper boundaries, an interior corner eddy in 
the upper region, a hump type flow between the cube's edge 
and the sphere, and slow fluid mixing in the lower region.

Observations of horizontal planes at low temperature ■ 
differences showed the flow to be symmetric with respect to 
both the vertical perpendicular plane and the vertical dia­
gonal plane. These observations verified the minor three- 
dimensional flow which appeared in the upper central region 
of the perpendicular plane.

The flow pattern at the upper limit of the tempera­
ture difference investigated appears in Figure 4.3. Evi­
dent in the photograph are the three regions previously 
noted as common' to this perpendicular vertical view plane. 
The vertical plume separates the flow along the upward ver­
tical axis. The high speed fluid flows upward, around the 
inner sphere, across the top, and down the side. At about 
the midplane, the high speed flow separates from the wall. 
This separation was first evident at AT = 51°F (NGr =
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Figure 4.2 Flow Pattern in the Dia­
gonal Vertical Plane for
ID = 3.5 inches
AT = 33°F
NGr = 758,000
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Figure 4.3 Flow Pattern in the Per­
pendicular Vertical Plane for
ID = 3.5 inches
a t  = 113°f
NQr = 1,862,000
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1,101,000)e The point of separation was about 30° below 
the horizontal line through the sphere's center for 
AT = Bl0Fe The point of separation moved up the cube's1 
side with increased temperature differences to the midplane 
point at AT = 113°Fe The interior corner eddy increased in 
size, but its central position did not appear to change po­
sition significantly with increased temperature difference. 
Comparison of Figures.4*1 and 4*3 shows a more pronounced 
upward flow in the upper interior region with the larger 
temperature difference. Much more three-dimensional flow 
was also evident'at the higher temperature differences in 
both the upper central region and the lower region* The 
flow at the highest temperature difference investigated,
AT = 115°F, seemed to be near the point of going unsteady? 
however, for all the temperature differences investigated, 
except for some minor three-dimensional flows, the patterns 
appeared steady with time.

The diagonal vertical plane observations, up to the 
maximum temperature differences investigated, revealed flow 
very similar to that at the low temperature difference, as 
shown in Figure 4*2, Two minor pattern variations were 
noted, and these both seemed temperature-difference depen­
dent, The interior corner eddy flow grew in size with in­
creased temperature difference, but its central position
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was invariant* The lower mixing region previously noted, 
developed into a pair of counter rotating vortices that re­
sembled slow spiral motion indicating three-dimensional 
flow. Figure 4.4 shows a typical flow pattern in the hori­
zontal midplane from which symmetry of the flow was deduced.

Several similarities were noted between the flow pat­
terns observed in the perpendicular vertical plane and the 
diagonal vertical plane. Compare# for example. Figures 4.2 
and 4.3. High speed flow followed the geometric contour in 
the upper portion of each plane. A temperature-difference 
dependent separation of the downward flow along the cube's 
side occurred in the perpendicular vertical plane, whereas no 
separation occurred in the corresponding downward flow in 
the diagonal vertical plane. In the upper central region of 
both planes, an interior corner eddy occurred. Both the 
eddy's shape and central position were different in each of 
the two planes. The flow in the lower region was similar 
for both planes, but the flow in the upper central region 
was significantly different.

4.5 INCH SPHERE
The second geometric configuration investigated was 

a 4.5 inch diameter sphere located concentrically within 
the 9.9 inch cube. The gap width was 2.7 inches. The
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Figure 4.4 Flow Pattern in the Hori­
zontal Midplane for
ID = 3.5 inches
a t = 108°F
NQr = 1,828,000
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temperature differences investigated were from AT = 15°F 
(NGr = 253,000) to AT = Ol0F (NQr = 1,030,000).

Shown in Figure 4.5 is the flow pattern for AT = 3O0F e 
It is representative of the flow in. the perpendicular ver­
tical plane for all the temperature differences investiga­
ted, A high speed flow follows the contour of the bound­
aries, upward around the sphere forming a vertical plume 
around the upward vertical central axis, across the top, 
and down the side to a point of separation. The point of 
separation was at an angle of about 30° below the midplane 
for the lowest temperature difference, AT = 15°F, and moved 
upward as the impressed temperature difference increased,
At the maximum temperature difference investigated, &T = 
91°F, the point of separation was just slightly below the 
midplane.

The upper interior region was characterized by an in­
terior corner eddy as with the 3,5 inch sphere. The eddy 
size increased with increased temperature difference, but 
its central position and shape did not vary noticeably. The 
upper central region also contained counter-rotating cells. 
These cells were not very distinct for the low temperature 
differences investigated, but became very noticeable near 
the upper limit. Three-dimensional effects apparent in the 
upper- central region seemed to be of a spiral vortex type.
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Figure 4.5 Flow Pattern in the Perpen­
dicular Vertical Plane for
ID = 4.5 inches
AT = 30°F
NGr = 447,000
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The lower region at the lower temperature differences 

was almost stagnant. Fluid was drawn upward around the 
sphere from this lower region, which led to the assumption 
that some slow three-dimensional flow existed in the lower 
region to satisfy continuity. At moderate to high tempera­
ture differences, this three-dimensional effect became very 
noticeable. However, the onset of these three-dimensional 
flows could not be fixed at a specific temperature differ­
ence.

In the diagonal vertical plane. Figure 4.6, the high 
speed flow followed the geometric boundary, as with the 3.5 
inch sphere. No separation of the flow occurred in the down­
ward flow along the edge of the cube. Instead, the flow 
peeled off gradually along the whole of the downward flow 
region, and drifted towards the inner sphere. This drifting 
fluid moved upward, then downward, in a hump pattern as it 
approached the inner sphere. The point at which the flow 
reached the maximum height in the hump formed a vertical 
line located approximately one-third the diagonal gap dis­
tance between the sphere and the cube edge. The location 
of this line did not seem to vary significantly at different 
temperature differences.

The size of the interior corner eddy that appeared in 
the upper central region increased with an increase in
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Figure 4.6 Flow Pattern in the Dia­
gonal Vertical Plane for
ID = 4.5 inches
AT = 89°F
NQr = 920,000
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temperature difference. However, its central position did 
not seem to change. Also in the upper central region, a 
gradual increase in the three-dimensional flow near the 
plume section with increased temperature difference was not­
ed. This flow appeared to be similar to counter rotating 
vortices in a spiral configuration. A similar flow occurred 
in the lower region. However, in the lower region, the 
three-dimensional spiral flow was much slower than that in 
the upper central region. Figure 4.6 shows a typical diag­
onal pattern near the upper limit of the temperature differ­
ences investigated.

The similarities noted for the 3.5 inch sphere are 
applicable for the 4.5 inch sphere.

5.5 INCH SPHERE
The third geometric configuration investigated was a

5.5 inch diameter inner sphere located concentrically in a 
9.9 inch cube. The gap width was 2.2 inches. The tempera­
ture differences investigated ranged from AT = 280F (Nq1. = 
206,000) to AT = 97°F (NGr = 523,000).

The steady flow that appeared in the perpendicular ver­
tical plane for the temperature difference of 28°F is shown 
in Figure 4.7. The pattern shown is typical of the observed 
flow in this plane up to a temperature difference of 61°F. 
Above AT = 61°F (NGr = 391,000), a periodic unsteady flow
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W

Figure 4.7 Flow Pattern in the Perpen­
dicular Vertical Plane for
ID = 5.5 inches
AT = 28°F

wGr =

I
206.000
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occurred in a portion of the gape The pattern appearing 
in Figure 4«,7 is similar in several respects to the flows 
observed and previously noted for the 3,5 inch and the 4*5 
inch spherical inner bodies in the perpendicular vertical 
plane. The similarities are in the existence of the high 
speed flow following the contour of the solid boundaries, 
an interior corner eddy in the upper central region, a tem­
perature-difference dependent separation from the wall of 
the downward flow along the cube's side, and a relatively 
slowly moving fluid in the lower region. However, dis­
tinct differences were also observed for the 5.5 inch spher­
ical inner body.

Three-dimensional flows were evident at all the tem­
perature differences in the lower region. The flow in the 
lower region of the gap was very slow for the lower temper­
ature "differences investigated. The mixing movement in­
creased in magnitude as the temperature difference was in­
creased. The eddy motion evident in the lower corner of 
Figure 4.7 was common to all the patterns observed in this 
plane. As the impressed temperature difference was increase^ 
this eddy motion became very evident as a spiral type motion. 
At the highest temperature difference investigated, AT =
97°F, it had become a pronounced unsteady spiral motion. At 
this high temperature difference, the flow in the entire
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lower region was characterized by a rather violent mixing 
motion.

Fluid was drawn from the lower region into the high 
speed flow upward around the sphere„ The three-dimensional 
flow in the lower region was effectively damped out as it 
entered the high speed boundary flow. The high speed fluid 
flow upward around the sphere consisted of both the lower 
region fluid and fluid that had separated from the outer 
wall and drifted radially inward. The thickness of this 
high speed flow around the inner body did not appear to be 
temperature-difference dependent. Neither did the width 
of the axisymmetric plume that formed around the upper cen­
tral vertical axis as the fluid separated from the inner 
body.

The high speed flow down the side of the outer body 
began separating near the midplane and flowing radially 
inward towards the inner body. At the lowest temperature 
difference, AT = 28°F, the downward flow separated from the 
wall at an angle of about 25° below the midplane. -The sep­
aration point was at an angle of about 15° below the mid­
plane at the highest temperature difference, AT = 970F.
The separation point was in all cases steady with time.

Figure 4.8 shows the upper central region for AT = 
28°F. Evident from the photograph is, not a closed eddy
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Figure 4.8 Flow Pattern in the Upper 
Central Region of the Perpendicular 
Vertical Plane for
ID = 5.5 inches
AT = 28°F

wGr = 206,000
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formation, but a three-dimensional spiral eddy formation« 
The spiral is fed at the top by two distinguishable flows. 
The first is an upward flow that splits the central region. 
The second is a three-dimensional flow that enters the cen­
tral region at the upper left of the spiral. At AT = 2S°F, 
the spiral was fed by steady flows. At AT = 61°F, the same 
basic flow shown in Figure 4.8 was present but the flow 
feeding the spiral had become unsteady causing the spiral 
to become unsteady. The inverted 11V 1 that split the cen­
tral region would form and collapse periodically. The 
period was about 6 seconds. This periodic formation 
caused a periodic contraction and expansion type disrup­
tion of the spiral. However, no other portion of the flow 
outside the central region was affected by the pulsating 
spiral. This same pulsating flow in the upper central 
region was noted up to the maximum temperature difference 
investigated (AT = 97°F). The period of the flow pulsa­
tion reduced to about 3 seconds at the highest temperature 
difference.

Figure 4.9 shows the basic pattern observed-for all 
the temperature differences investigated in the diagonal 
vertical plane. The pattern is characterized by the same 
flows that appeared in the diagonal vertical plane as 
reported for the 3.5 inch and 4.5 inch spheres. There
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Figure 4.9 Flow Pattern in the Dia­
gonal Vertical Plane for
ID = 5.5 inches
AT = 29°F

229,000
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existed a high speed flow which followed the solid bound­
aries, an upper interior corner eddy, and a hump shaped 
radial drift towards the inner body, No separation of 
the downward flow was evident and no lower corner eddy 
flow was noted for any of the temperature differences 
investigated as previously reported for the perpendicular 
vertical plane.

Above AT = 78°F (NGr = 491,000) an unsteady flow was 
noted in the diagonal vertical plane. The upper interior 
corner eddy showed a nonperiodic pulsation. Also, the hump 
formed by the radial drift rose and fell, but no definite 
period was noticeable. It seemed that the periodic pul­
sating flow in the perpendicular vertical plane was affec­
ting the diagonal vertical plane flow.

A horizontal plane section is shown in Figure 4.10 for 
AT = 29°F. Evident in the photograph is that the flow is 
symmetric with respect to the diagonal vertical plane. The 
flow was also symmetric with respect to the perpendicular 
vertical plane, though it is not as evident from the photo­
graph. As the impressed temperature difference was increased,, 
the flow in the horizontal sections showed that the three- 
dimensional flows were indeed steady at the lower tempera­
ture differences, but at moderate to high temperature dif­
ferences, unsteady flows appeared, verifying the patterns
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Figure 4.10 Flow Pattern in the Hori­
zontal Midplane for
ID = 5.5 inches
a t  = 29°F
NQr = 227,000



49 I

previously noted in the perpendicular and the diagonal 
vertical planes.

7.0 INCH SPHERE
The fourth geometric configuration investigated was 

the gap between a 7.0 inch spherical inner body and a 9.9 
inch cubical outer body. The gap width was 1.45 inches.
The temperature differences investigated (for which the de­
viation in the assumed isothermal condition# defined by 
equation 4.2# was less than 20%) ranged from AT = 13°F (NGr 
= 31,400) to AT = 39°F (NQr = 81,900). At AT = 39°F, the 
flow was noted to be very unsteady and investigation of 
higher temperature differences was felt unnecessary.

At the low temperature difference of AT = 13°F, the 
flow was unsteady, which is described in the discussion fol­
lowing. The photographing of a flow required at least a 2 
second exposure due to the low intensity of the light re­
flection from the cigar smoke tracer particles. Consequent­
ly, obtaining a descriptive photograph of the unsteady flow 
was impossible. In order that the descriptive analysis of 
the flow in the gap which follows be more meaningful, the 
photographs presented in Figures 4.11, 4.12, and 4.13 are 
for temperature differences less than the lower limit (based 
on the maximum allowable error of 20%) of AT = 13°F. The
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Figure 4.11 Flow Pattern in the 
pendicular Vertical Plane for
ID = 7.0 inches
AT = 9°F (error = 41%)
NGr = 21,800

Per
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Figure 4.12 Flow Separation From the Inner Body 
in the Perpendicular Vertical Plane for
ID = 7.0 inches
a T = 9°F (error = 41%)
NGr = 21,800
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Figure 4.13 Flow Pattern in the Dia­
gonal Vertical Plane for
ID = 7.0 inches
a t  = IO0F (error = 30%)
NGr = 27,200
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fluid flow pattern in each of the figures was steady enough 
to yield describable photographs and basically typical of 
the unsteady pattern* Included with each figure is the 
error that corresponds to that particular case*

As previously noted, at the lower limit of the temper­
ature difference investigated, AT = 13°F# the flow in the 
perpendicular and diagonal vertical planes was unsteady*
With respect to Figure 4«, 11, a high speed upward flow exis­
ted near the inner body. This flow separated from the inner 
body at an angle of about 20° measured downward from the up­
ward vertical central axis. Figure 4,12 shows the separa­
tion in more detail. The separated flow was divided between 
the central axis region and the upper central interior re­
gion, Flow along the top of the gap and down the side com­
pleted an eddy formation encompassing the whole of the upper 
central region. The point of separation from the inner body 
acted as a hinge to the separated flow. The separated up­
ward flow oscillated around the 20° angle previously mention­
ed, This oscillation was nonperiodic. In the region be­
tween the oscillating separation line and the upper vertical 
central axis, a counter-rotating spiral formation appeared 
which was also unsteady. This spiral grew in size as the 
separation line moved outward, Then the whole spiral would 
move, while still rotating, across the top of the gap and
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down the Side0 This slug of fluid decreased in size as it 
moved outward and downward, causing the whole of the upper 
central region eddy to he disturbed momentarily. After the 
disturbance died out, the whole process would at a later 
time repeat itself.

The whole process of the disturbance was noted to b e • 
nonperiodic. This may be plausibly explained. It could not 
be determined if the spiral motion occurring in the upper 
axial region was or was not formed in a symmetric manner. 
Consequently, the slug of rotating fluid that was noted to 
leave the upper axial region and enter the upper central re­
gion nonperiodically may have been a random motion that could 
occur in any of the vertical planes through the vertical 
central axis, ^This explanation is supported by the fact 
that a very similar nonperiodic disturbance was noted in the 
diagonal vertical plane, as well as in the perpendicular 
vertical plane.

Figure 4,13 shows the basic nonsteady pattern observed 
in the diagonal vertical plane. This diagonal vertical 
plane pattern was noted to be very similar in several re­
spects to diagonal vertical plane observations for the smal-

I

Ier inner bodies. Similarities exist in the high speed re­
gion around the boundary, one large interior corner eddy, 
no fluid separation in the downward flow along the cube's
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edge, and a slow radial drift towards the inner body.
Several differences were also noted. There existed no hump 
type form in the radial drift, only a combined inward and 
upward flow* The fluid was noted to separate from the inner 
body similarily to the aforementioned separation in the per­
pendicular vertical plane observations* Nonpariodically, 
the whole of the pattern was disturbed by a rotating slug 
of fluid that emerged from the upper central axis region 
and moved along the top of the gap and down the side. In 
all, the flow in the diagonal vertical plane was very sim­
ilar to that in the aforementioned perpendicular vertical 
plane*

The similarity of the flow in the perpendicular and 
diagonal vertical planes with the 7,0 inch inner body is in 
contrast to the significantly different flows that appeared 
in each of the perpendicular and diagonal vertical planes 
in the previously reported smaller inner body configura­
tions, However, the major difference between the 7,0 inch 
inner body and those previously reported smaller bodies is 
the unsteadiness that existed at all temperature differences 
investigated.

The unsteadiness that occurred for the 7,0 inch inner 
body was temperature-difference dependent, As the impressed 
temperature difference was increased, the degree of
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unsteadiness increased„ At the upper limit investigated,
AT = 390F, the occurrence of a slug of fluid leaving the 
central axis^ region was so rapid, .the effects of the pre­
vious disturbance had not yet damped out. Thus, investi­
gation of temperature differences above AT = 39°F was felt 
unnecessary.

9.0 INCH SPHERE
The fifth and last geometric configuration investigated 

was the gap between a 9.0 inch spherical inner body and a 
9.9 inch cubical enclosure. The gap width was 0.45 inches. 
The temperature differences investigated were from AT = 13°F 
(NGr = 960) to AT = 32°F (NGr = 2,260). The lower limit 
was determined by the maximum allowable percent deviation 
from the assumed isothermal condition of the outer body, and 
at the upper limit, the flow was unsteady to such large de­
gree that further investigations were felt unnecessary.

As can be: seen in Figures 4.14 and 4.15, at the low 
temperature difference of AT = 14°F, the flow in the per­
pendicular vertical plane was divided by the close proximity 
of the sphere and the outer body's side at the midplane into 
two distinct flow regions. The lower region, below the mid­
plane, was characterized by a three-dimensional spiral forma­
tion which rotated clockwise. .The spiral was bounded on two 
sides by the outer body's side and bottom and on the third
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Figure 4.14 Flow Pattern in the Perpen 
dicular Vertical Plane for
ID = 9.0 inches
a t = 14°F
Ner = 1,070
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Figure 4.15 Flow pattern in the perpen 
dicular Vertical Plane for
ID = 9.0 inches
AT = 14°F
Ncr = 1,070
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side by the high speed, flow which followed the contour of 
the inner body. The fluid comprising the high 'speed flow 
originated from the lower axial region where the fluid was 
relatively stagnant. This high speed flow continued upward 
around the inner sphere, through the midplane and into the 
upper region.

In the upper region, the high speed boundary separated 
from the inner body at a point which formed a 45° angle with 
the upward vertical central axis. The boundary fluid separ­
ating from the inner body, combined with a three-dimensional 
flow near the top of the outer body to form an unsteady 
spiral formation. The flow in the. vicinity of the upper 
axial region was indiscernable, but is postulated to be sim­
ilar to the three-dimensional spiral flow reported by Yin 
(4) and Baughman (j>) in a similar narrow region near the 
upper vertical axis formed by the concentric spheres they 
investigated. It is expected that forthcoming temperature 
profiles to be obtained in the heat-transfer apparatus will 
shed further light on this situation.

Figure 4.14 shows the spiral formed in the upper region 
by the high speed boundary fluid and fluid from the upper 
axial region. This spiral formation would then decrease in 
size, as shown in comparison of Figures 4.14 and 4.15, until
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the whole flow pattern in the upper region was indiscern- 
able« The spiral would then start small again, increasing 
in size until the cycle was completed« The whole cycle 
would then repeat itself at nonperiodic intervals.

It should be noted that at no time in the unsteady 
cycle did any noticeable amount of fluid flow downward along 
the outer body's side into the lower region. In order for 
continuity to be satisfied, fluid must enter the lower re­
gion from the upper region in a vertical plane other than 
the perpendicular vertical plane. This was observed to be. 
the case in the diagonal plane where only one major flow 
region was noted that comprised the whole of the diagonal 
gap region.

The flow in the diagonal vertical plane consisted of 
high speed fluid flowing upward in the near vicinity of the , 
inner body. This upward flow separated from the inner body 
about 15° down from the upward vertical central axis. The 
flow then followed the contour of the cube, along the top 
and down the side, No separation occurred in the downward 
flow. The main flow in the gap was an upward and inward 
radial flow that was noted to be unsteady at all the tem­
perature differences investigated. The separation of the 
flow from the inner body was not temperature-difference de­
pendent, but the degree of unsteadiness increased as the
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temperature difference was increased.

Figure 4,16 shows a horizontal plane section for 
AT = 14°Fo Evident in the photograph is the three-dimen­
sional flow that was noted to be unsteady in the diagonal 
vertical plane.

SUMMARY OF RESULTS
In the first section of this chapter# descriptive 

analyses of the flow patterns were presented for each of 
the five spherical inner bodies investigateda Characteri­
zations of the flow observed in a perpendicular vertical 
plane and in a diagonal vertical plane were reported, while 
observations of horizontal plane sections yielded supporting 
information. This section presents a summary of the similar 
ities and dissimilarities of the results.

For all the temperature differences investigated with 
the 3,5 inch spherical inner body, A T  = 24°F to AT = 115°F, 
and the 4,5 inch spherical inner body, AT = 15°F to AT =,
91°F, the flow patterns in the perpendicular vertical plane 
were very similar. The flow pattern in the perpendicular 
plane was characterized by three distinct regions? (I) a 
relatively high velocity flow which basically followed the 
geometric boundary of the gap, (2) an upper central region■ 
that was characterized by at least one interior corner eddy,
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Figure 4.16 Flow Pattern in a Horizon­
tal Plane Section at the Midplane for
ID = 9.0 inches
AT = 14°F

950
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and minor three-dimensional flow, and (3) a lowet region 
that was mostly slow flow with three-dimensional mixing 
motion. A vertical plume located around the upper verti­
cal axis was always present indicating axisymmetry. The 
high speed downward flow along the outer body's edge sep­
arated from the edge below the midplane. The point of 
separation was temperature-difference dependent. It moved 
up the wall to a point very near the midplane at the high­
est temperature differences considered.

For all of the temperature differences investigated, 
the flow patterns in the diagonal vertical plane were simi­
lar. The diagonal vertical plane was characterized by three 
basic flow regions? (I) a high speed flow that followed the 
geometric configuration of the gap, (2) a large eddy forma­
tion in the upper central region, and (3) a hump-shaped 
drift region between the outer edge and the inner body. A 
slowly moving region near the downward vertical axis was 
apparent at. lower temperature differences. A vertical plume 
which formed around the upper vertical axis indicated axi­
symmetry. Observations in the horizontal plane sections 
verified some of the three-dimensional flows and showed that 
the flow was symmetric with respect to both the diagonal 
vertical plane and the perpendicular vertical plane.
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Similarities which existed in the perpendicular 

vertical plane and the diagonal vertical plane included;
(I) the high speed boundary flow and (2) an eddy formation 
in the upper central region. Dissimilarities included*
(I) a fluid separation of the downward flow from the wall 
in the perpendicular vertical plane and no separation in 
the diagonal vertical plane, (2) the shape of the eddy for­
mation in the upper central region, and (3) the occurrence 
of the hump-shaped flow between the outer body and the inner 
body in the diagonal plane,

• The foregoing summary of the 3,5 inch and 4,5 inch 
inner body results is applicable to the 5,5 inch spherical 
inner body for temperature differences investigated from 
AT = 28°F to AT = 61°F for the perpendicular vertical plane 
and to AT = 78°F for the diagonal plane. Between AT = 61°F 
and the upper limit investigated, AT = 97°F, an unsteady 
periodic spiral motion was noted in the upper central region 
of the perpendicular vertical plane. The period of the un­
steadiness ranged from 6 seconds at AT = 61°F down to 3 
seconds at AT = 97°F, The high speed boundary flow and the 
separation point of the downward flow was unaffected by the 
periodic pulsation of the spiral eddy. In the lower region 
near the outer corner, a temperature-difference dependent 
spiral motion was noted for all the temperature differences
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investigated.

Between A t = 78°F and the upper temperature difference 
investigated# AT = 97°F# in the diagonal vertical plane an 
unsteady nonperiodic pulsation of the eddy in the upper 
central region was noted. The hump-shaped radial drift 
flow toward the inner body was also noted to be nonperi- 
odically unsteady.

For all the temperature differences investigated with 
the 7.0 inch spherical inner body, /\T = 13°F to AT = 39°F,, 
a nonperiodic unsteady flow was noted. The flow was char-, 
acterized, in both the perpendicular vertical plane and the 
diagonal vertical plane, by the high speed fluid flowing 
upward around the inner sphere and then separating from the 
inner body. This separated flow divided between the upper 
central region and the region near the upper vertical axis. 
Nonperiodically, a rotating slug of fluid would leave the 
upper central axial region and "fall" into the upper central 
region, disturbing the flow in the upper central region 
momentarily. After this disturbance died out, the whole 
process repeated Itself nonperiodically. The similarity of 
the flow in the diagonal vertical plane and the perpendi­
cular vertical plane contrasts with the different patterns 
observed in the perpendicular vertical plane and the diagon­
al vertical plane for the smaller inner bodies.



66
The patterns that were observed for the 9e0 inch 

diameter inner spherical body for all the temperature dif­
ferences investigated, AT = 13°F to AT = 32°F, were non- 
periodically unsteady. The flow in the perpendicular ver­
tical plane was divided into two regions by the close 
proximity of the inner and outer bodies at the midplane»
In the upper region, the flow was characterized by a sep­
aration from the inner body and "falling" slugs of fluid, 
similar to that reported for the 7*0 inch inner body* The 
lower region was characterized by a large spiral eddy 
formation* In the diagonal plane, a separation from the 
inner body also occurred and the whole flow pattern, in­
cluding the radial drift flow, was unsteady and three- 
dimensional. The flow for all the temperature differences 
investigated with the 7*0 inch inner body and the 9*0 inch 
inner body was noted to be nonsymmetric with respect to 
both the perpendicular and diagonal vertical planes*



CHAPTER V
CONCLUSION

Descriptive analyses of the flow characterizations are 
presented in this thesis. The flow was investigated in (I) 
a vertical plane perpendicular to the cubical outer body's 
side and passing through the inner body's vertical axis,
(2) a vertical plane passing through a vertical edge of the 
cubical outer body and the inner body's vertical axis, and
(3) in horizontal plane sections, one at the midplane and 
one two inches above the midplane„ In most cases, these 
planes of observation were adequate to describe the natural 
convective fluid flow in the gap. Observations in other 
planes might be useful in further analysing the flow, es­
pecially when a major three-dimensional flow exists. How­
ever, an unwieldy number of planes of observation would be 
required to completely relate the extent of the three-di­
mensional flows, especially when they are unsteady.

Future work with the apparatus is planned. Other test 
fluids are to be used to extend the Prandtl number range. 
This author feels that in the event three-dimensional 
flows are noted, and it is desired to determine the extent 
of the three-dimensional effects, additional planar obser­
vations should be conducted.

One improvement to the apparatus used to visually in­
vestigate the flow should be made. The light intensity in
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certain regions of the field tends to be inadequate to 
visualize the flow. Either the intensity of the light 
source should be increased, or a reflection system should 
be made in order that certain dim regions of the flow may 
be better visualized. This would aid in better describing 
the flow in certain regions such as the upper central re­
gion or the upper axial region.

With the results of this investigation being the first 
reported concerning the phenomena of.natural convection 
between an inner body and a cubical enclosure, no direct 
comparison with previous results can be made. However, the 
qualitative analysis herein presented should be an aid in 
analysing the heat transfer phenomena between the inner 
body and its cubical enclosure. The heat transfer experi­
ments are presently being conducted at Montana State 
University.
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