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Abstract:

Natural convective flow of air and water between isothermal concentric spheres was experimentally
investigated. Different visualization techniques were utilized for each specified fluid. A special
visualization technique was developed for water as the working medium in this study. The visualization
of the flow pattern was accomplished by introducing a well mixed and prepared solution of distilled
water containing a very minute amount of liquid "Ajax" detergent into the annulus and transversely
illuminating vertical diameter.

For air in the gap, smoke was introduced. A qualitative description of the flow patterns obtained for
each spherical combination studied is presented, and these descriptions are supplemented by
photographs of the flow. Motion pictures of each distinctive type of flow pattern found to occur in this
investigation were also obtained.

For air as the working fluid, distinct steady and unsteady patterns were obtained for various diameter
ratios ranging from 1.40 to 2.17 and for Grashof numbers (based on gap thickness) ranging from 7.0 x
103 to 1.2 x 106. The flow patterns at the lower Grashof numbers qualitatively agree with those
obtained in previous studies. The inception of instabilities characterized by periodic interior
contractions or three-dimensional spiral flow in the spherical annuli was compared to the case of
horizontal cylindrical annuli.

For water as working fluid, the most common basic flow pattern, the steady dog-face type, occured in
the three largest diameter ratios investigated. This kind of flow pattern has never been observed before,
but it does correlate quite well with the temperature profiles obtained in the heat transfer study. A
formation of tertiary flow in the weak shear layer between two secondary cells occurred for the
diameter ratio of 1.78 (L/Di=0.39) at high Grashof numbers. As the Grashof number was increased
above certain transition points, an unsteady dog—face type flow, or a three-dimensional spiral flow,
was observed. In this study, the diameter ratio ranged from 1.09 to 2.17 and the Grashof number based
on gap thickness ranged from 1.7 x 10”3 to 1.4 x 10"7.

A tabular form of the experimental results for each test fluid is presented to provide categorization of
the fluid-flow behavior within the available ranges of independent variables.
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ABSTRACT

Natural convective flow of air and water between isothermal
concentric spheres was experimentally investigated. Different visual-
ization techniques were utilized for each specified fluid. A special
visualization technique was developed for water as the working medium
in this study. The visualization of the flow pattern was accomplish-
ed by introducing a well mixed and prepared solution of distilled
water containing a very minute amount of liquid "Ajax" detergent
into the annulus and transversely illuminating vertical diameter.

* For air in the gap, smoke was introduced, A qualitative description
of the flow patterns obtained for each spherical combination
studied is presented, and these descriptions are supplemented by
photographs of the flow. Motion pictures of each distinctive type
of flow pattern found to occur in this investigation were also
obtained.

For air as the working fluid, distinct steady and unsteady
patterns were obtained for various diameter ratios ranging from 1.40
to 2.17 and for Grashof numbers (based on gap thickness) ranging from
7.0 x 103 to 1.2 x 106, The flow patterns at the lower Grashof
numbers qualitatively agree with those obtained in previous studies.
The inception of instabilities characterized by periodic interior
contractions or three-~dimensional spiral flow in the spherical
annuli was compared to the case of horizontal cylindrical annuli.

For water as working fluid, the most common basic flow pattern,
the steady dog-face type, occured in the three largest diameter ratios
inyestigated. This kind of flow pattern has never been observed
before, but it does correlate quite well with the temperature profiles
obtained in the heat transfer study. A formation of tertiary flow in
the weak shear layer between two secondary cells occurred for the
diameter ratio of 1.78 (L/D;=0.39) at high Grashof numbers. As the
Grashof Aumber was increased above certain transition points, an
unsteady dog—face type flow, or a three~dimensional spiral flow, was
observed. In this study, the diameter ratio ranged from 1.09 to 2.17
and the Grashof number based on gap thickness ranged from 1.7 x 103
to' 1.4 x 107,

'_A tabular form of the experimental results for each test fluid is
presented to provide categorization of the fluid-flow behavior within
the available ranges of independent variables., ‘

-
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NOMENCLATURE
Description
Charactéristic physical dimensions

Fluid specific heat at constant pressure

~ Diameter

Acceleration of gravity, 32.174 ft/sec2
Height of .vertical plate

Fluid thermal conductivity

Distance between plates; gap thickness (difference

between outer and innet spherical radii)
Characteristic physical dimension ratio

Grashof number, ngB(Ti -.To)aB[uz, a is:

replaced by any desired characteristic dimension
Prandtl number, Cpu/k

Rayleigh number, ngB(Ti f To)aBCP/uk

Radial coordinate

Average radius, ravg = (ri +r0)/2

Temperature

Temperature difference between inner and outer
spheres, Ti—To

Thermal Diffusivity, k/pCP
Thermal expansion coefficient

Angular coordinate measured from upward vertical
axis ) :

N




Symbol

Subscripts

am

i

xii
Description
Dynamic viscosity of the fluid

Fluid density

Arithmetic mean
Refers to" inner éphere

Based on distance between plates or gap
thickness

Refers to outer sphere

Volume weighted mean




CHAPTER I

INTRODUCTION

In recent years, a considerable amount of interest has developed
in the subject of natural convection from a body to its finite
enclosure. This particular heat transfer and fluid mechanics
problem iévbecoming increasingly important in certain areas such as
nuclear design, aircraft cébin design, and electronic instrumentation
packaging. However, only relatively little information has been
reported in this area. .

Since 1964, an important beginning in this broad area has -been
made in the study of natural convection betweeﬁ concentric
isothermal spheres. The first investigation, using air as the gap
fluid, was carried out by Bishop, Kolflat, Mack, and Scanlan [1].
Utilizing the techniques reported in [2], they described the flow
patterns observed visually and photographically. Heat transfer data;
temperature distributions, and additional comments on fhe'flow,
patterns were presented by Bishop et al [3]. An analytical
prediction of both thermalnand flow fields by Mack and Hérdee [4] is
valid only for low Rayleigh numbers. The most recent studies are
those of Scaﬁlan, Bishop, and Powe [5], and Weber, Powe, Bishop, and
Scanlan [6]. They extended the existing heat transfer data and
temperature distributions of Bishop et al [3] (NPR N 0,7) to include

Prandtl numbers up to 4184 by using water and two silicone fluids as
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working media for both concentric and vértically eccentric cases.

Unfortunately, most of these previous studies are_reétricted~
to the heat transfer rates and temperature fields; there is little
information available concerning the flow field of‘fhis specific
geometrical configuration. In order to’ fully understand the
_convection process, both thermal and flow phenomena must be known.
Therefore, thelpurpoée of the current investigation is to attempt

sto alleviate the problem of the serious lack of knowledge of the
¥ flow behavior in this particular geometry. The attempts made iﬁ
this current study are to eftend the existing dapa of Bishop et al
5I1] to a higher impressed temperature differénce with air as the~
.working fluid and to establish further study of thié configuration
with water as the gap fluid. -

The flow process resulting from the density changé caused by a
temperature gradient within the'gravitationai-force field between
concentric isothermal spheres can be represented by a mathematical
model which includes a.set of simultaneous, non-linear, éoupled,
partial differential equations subject to the associated boundary
conditions. The analytic treatment of this problem-is very difficult.
This is due to the following reasons: (1) the non-linearity of.the

A

. governing equations, (2) the invalidity of the general boundary layer'

s

approximations in this case, and (3) the lack of information of

boundary conditions, especially when the flow field is ﬁot steady and
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thérefore not necessarily symmetrical about a vertical axis through
the center of the spheres. These equations are shown in Appendix I.
The purposes of the present experimental investigation
concerniﬁg the flow phenomena between concentric isothermal spheres
are: |
(1) To obtain criteria for predicting the fluid-flow
.behavior within ;hé gap as the radial distance and the
tempéfature‘difference between spheres are varied.
Both air and water afe used as the enclosed fluids.
These criteria will allow prediction of the typé of
flow which will occur under a variety of conditioms.
(2)~T6 stﬁdy the mechanism which determines when and how
the onsef of instability in the flow field occurs.

" Furthermore, the results of this present work should contribute
to a greater understanding of the natural convection process between
isothermal spheres by correlating these with the exisfing data
concerning heat transfer rates and temperature profiles. Also, the
information described in this dissertation may be used as a guide to
validaté fpture analytical and numerical studies of natural'

convective flows in this spherical geometry.
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CHAPTER TI

LITERATURE REVIEW

Natural convection from a surface to its'infinite surroundings
has been studied by a>number.of investigators, and a rather large
number of papers are available in the literature on this subject.
The more recent contributions have been made relative to natural
convection within enclosed spaces., However,.there is still only a
limited amount of information available.concerning natural
convective flow phenomena within confined spaces.

Good reviews of the early work concerned with the natural
convection process can be found in several textbooks such as Jgkob.
[7], Eckert and Drake [8], and Grober, Erk, and Grigull [9}. Two
things are generally agregd uponiin the literature on natural
convection. One is that the natural coénvection process‘is dominated
by: both fluid~flow and heat transfer considerations. Second is that
the natural convection process within confined spaces,‘defined by two
characteristic dimensions, can be characterized by the following |

dimensionless parameters:

2 3
w, =8Bl (2-1)
R, " 2
= C u -
Npp = "ot (2-2)

and N_. = (2-3)
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(Actually there are two more parameters, g%é-and BAT, but these.

usually are not needed.) In these equations "a" and "b" are

characteristic dimensions, AT is a suitably defined temperature
differ_ence,'NGRa is the Grashof number based on dimension "a", NPR
is the Prandtl number, and ND is a dimensionless ratio of the
characteristic dimensions. - All Fhe fluid properties are normally
evaluated at either an arithmetic mean temperature or a volume-
weighted mean temperature. An additional dimensionless group, the
Rayleigh number (NRA ), has been fo;nd convenient in certain cases
a

to replace the Grashof number. The Rayleigh number is the ﬁroduct

of the Prandtl and Grashof numbers:

3 . .
o _ PgBATa _
Npa = Npp NGRa a (2-4)

In the present review, specific attention.is directed toward
natural convective flows between a body and its finite enclosure.
For the case with small gap thickness and large radius of curvature,
the spherical geometry can be approximated by a plane waii enclosure.
Therefore a short review of the literature in this area is also
presentéd for completeness, For clarity, thé discussion is presented
in three sgparated parts based 6n different geometrical configurations.
These are (1) parallel plates and rectangular.éhclosﬁres,-(2)

v

concentric cylindrical annuli, and (3) spherical annuli.




A

S

od
Iy

T 190 TR R WS J O |

6
PARALLEL PLATES AND RECTANGULAR ENCLOSURES

Usually no convective motion occurs in a fluid which is
enclosed between two parallel horizontal plafes with the upper
plate maintained at a higher temperature than the iower. In a
normal fluid for which the density decreases with temperature, such
a temperature field will yield a stable situation in which the less
dense layers are located above the deﬁser flﬁid. Heat is tramsferred
from the upper plate to the lower plate by conduction, and
a linear tempefature digtribution is expected. However, when the
lower platé is at the higher temperature, resulting in the léss
dense layer at the bottom, an unstable situation will be broduéed.
Neverthelesé,:there is no convective flow before the critical
Rayleigh number of 1,705 (based on the gap thickness)'is.reached.
Upon excéediqg this value the flow field will be a cellular strﬁcture
with more or less regular hexagonél cells, in which the flow moves
upward in the center and returﬁs downward near the sides or vice
vefsa depending upon the properties of the fluid. This flow
éituation is maintained up to a Rayleigh number-of around 45,000.
Abovg this value of Rayleigh number the flow changes to irregular
turbulent. Chandra [10] found that Fhe value of the critical
Rayleigh number changes depending upon the layer thickness. It was
reported by Schmidt aﬁd Saunders [11] that_tﬁe length of the

horizontal side of a cell was twice the layer depth. The more recent

Li_.
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work is that of Leontiev and Kirdyashkin [;2]. They did an
experimental study of flow'pétterns an& témperature fields with 962
ethyl aleohél as the test liquid. To visualize the flow, well-
ﬁettable aluminum particles 5-20 microns in size were placed in the

alcohol. They reported that polygonal structure of the flow in a

horizontal layer was observed for Rayleigh numbers NRAL < 95,000.

The flow in a polygonal cell is laminar with a motion of radial flow
from the bounding sides of'the'polygon to the center, At NRAL Y 105,
sthe polygonal structure of the liquid flow ceases completely and
“istransforms into a roller structure. | |
Natural conyvection across a‘closéd cavity between verticél
-t fboundaries at different temperatures was studied by Batchélor [13].
-ﬁMelinvestigated this problem in three cases; (1) smaii Rayleigh

“mumbers (NRAL < 103) with H/L (ratio of cavity height to Widtﬁ)

wyapproximately unity, (2) genéral Rayleigh numbers with largerH/L's,

M (3) large Rayleigh numbers With general H/L's. An analyticél solution
. for the first case was found by utilizing'a method of expandiné the
tgtream function and temperaturé in power series in terms of the

Rayleigh number. He also obtained the solution for th? last two cases

byimaking drastic idealizations. He predicted transition to

turbulent . flow at NRAi = 13,700 for air in the second case, and at

NGR = J_Og(IJI/L)“3 for air (perhaps for other fluids also) in the last
1,
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case.
Using the same configuration, both experimental and numerical

investigations were performed by Elder [1l4, 15].° The flow was made

visible in his experimental study by using aluminumlbowder sﬁspended

in the fluid. The velocity measurements were made either by direct

observation or from time photographs, in which the streak~length is

proportional to the velocity. A.Steady secondary flow was observed
in the interior region of the flow for NRAL 3 105. Further, it was
found tﬁat the secondary flows, when of éufficient amplituée, were
able fo generate other steady flows, called tertiafy flows.  Both’
photographs and sketches of the flow pagterns were presented for
various gap widths and Rayleigh numbers. In addition, the veiocity
profiles were also plotted for the half height along the gap at
various Rayleigg numbers. -His numerical solution was checkgd with
the thermal and flow field data of Eckert and Cgrlson [lé],‘and this
comparison did show that both results are comparable. -

Wilkes and Churchill [17] applied numerical techniques to a

long rectangular channel with air as the enclosed fluid. The stream—

lines were obtained for Grashof numbers up to lO5 and for various

height~to-width ratios.
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CONCENTRIC CYLINDRICAL ANNULI
Another geometry which appears to yield flow results applicable
.to the study of concentric spheres is concentric cyliﬂdrical annuli.
Several investigations using this configuration in natural convection
have been carried out experimentally, analytically, and numerically.
These stﬁdies cover a wide range of diameter ratios, Grashof.numﬁers,
and various gap fluids.

Liu, Mueller, and Landis [18] carried out an experimental study
utilizing air, water, aﬁd Dow silicone fluid No. 200 as .the working
media.  Five sets of concentric tubes, having diameter ratios
(DO/Di)'ranging from 1;154 to 7.500, were used in their study. -
Different observation techniques were used for various working fluids
in the gap. For air, tobacco smoke was introduced into the gap; in
water, a blﬁe—dye—water mixture was slowly injected under.isothermal
condiﬁiéns. A emall quantity of neutrally buoyant polyethyleqe
‘particlgs added to the silicone fluid permitted visual and photograph-
ic observations. General descriptions and sketches of the flow
patterns which were observed were presented. -

A nume;ical solution to the problem of natural :convective floﬁ,
With.air as the medium, in cylindrical annuli was also reportéd in
the form of plots of the stream.function for the range of 2 _<__DO/Di <

57 and 1 <N 5:105 by Crawford and Lemlich [19]. Their results

%o,

1
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are in accordance with the apprgpriate qualitati&e flow patterns
obtained experimentally by Liu et al [18] at a diameter ratio Do/Di =
2.0. | |

Grigull and Hauf [20] presented numerous photographs, taken by
introducing smoke to make the flow visible in a normal incident
light plane, and sketches of flows, The annulus was filled with air
at atmospheric pressure, Various gap width-to-inner diameter ratios
(G.15 f_f./Di < 2,65) were seleeted in their study. Three different
types of convective flow phenomena as the Grashof number was changed

were postulated. These are (1) a two dimensional pseudo~conductive

regime for NGRL < 24,000, (2) a regime of transition with a three

dimensional convectiye motion for 24,000 <N §_30,000; and (3)

Ry

a regime of fully developed two dimensional laminar convective

GRLgyls,ooo.

An experimental investigation of the flow behavior for natural

motion for 30,000 < N

.convection in simple and ébstrﬁcted ho;izontal cylindrical aqnpli was
performed by Lis [21] using'the Schlieren technique. A few
photographs and verbal descriptions of the flow patterns were
presented in his report for various diameter ratios and Grashof
numbers.

Bishop and Cafley [22] carfied out a photographic experimental
study. of natural convective flows of air between concentric

horizontal cylinders. Photographs'and.qualitative descriptions of

LIy ul
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the flow patterns were obtained for various_operating conditions at
diameter ratios ranging from 1.23 to 3.69, with température differ—
ences of 53°F to 100°F between the cylinders. They fouﬁd two £ypes
of stable flow and one unstable flow within their raﬁge of diémeter
ratios. Under all temperéture‘differénces studied for diameter
ratios of 1.23, 1.85, and 2.46, the first stable flow, termed a
"crescent eddy" type, existed at low Grashof numbers. Another séable
flow pattern, thé "kianey—shaped eddy" type, was found to appear for
aidiameter ratio 3.69 at Grashof numbers above that.at which the
crescent eddy flow pattern disappeared. For higher Grashof'numbérs,
this pattern beéame an unstable oscillation of the fluid in the
upper region of the gap. They also found that Eoth'freqpency and
amplitude of oscillation were increased at increasing temperature
~difference.

Employing the technique set forth by.ﬁatcﬁelor [13] to expand
the stream function and temperature in an infinite series of Rayleigh
number, an anélytic solution, limited to low values of‘Rayleigh
number, was reported by Mack and.Bishpp [23]. They found that.
increasiﬁé.the Prandtl number above 0.70 had very little effect upon
the qualitative appeafance-of the stream lines at low Rayleigh number,
sexcept for very small Prandtl number fluids such as liquid metals.

An extensive study of the three dimensional oscillatory flow in

cylindrical annuli, observed by Bishop and Carley [22], was carried
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out by Bishop, Carley, and Powe [24]. - Correlation equations were

" given to allow estimation of the inception of this oscillatory flow

and its subsequent amplitude, period, and wave length. Detailed
descriptions of this particular flow -phenomenon supported by
photography and motion pictures also can be found in Powe [27].
Bishop and Carlef [22] compared their results with these of
Liu et al [18] and pointed out the very interesting possibility of

obtaining different types of flows for a given diameter ratio while

.using different cylinder sizes. Powe [27] investigated this

possibility experimentally for air within the gap as reported by
Powe, Carley, and Bishop [25]. Using six different cylinder sets,
two of them yielding the same diameter ratio with different

cylinder sizes, and varying both the annulus pressure and temperature

; difference between the cyiinder surfaces, they observed one steady

and three unsteady flow pattefns in the range éf Grashof number
(based on annulus width) from 300 to 3.4 x 106. They pointed out
that radius of'curvatﬁfe, though not.affecting the general fype of
the flow patterﬁ, did affect the specific value of Grashof number at

which transition from a steady to an unsteady pattern occurred. A’

- plot categorizing the flow patterns in horizontal concentric

cylindrical annuli filled with air was presented showing the
transition Grashof .number versus ratio of inner-cylinder diameter—to-

annulus width by combining their data and several existing previous

L1
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experimental results.

The results of a numerical investigation, utilizing finite-
difference techniqies, to this problem were presented by Powe,
Carley, and Carruth [26]. The results were compared with the
existing data and excellent agreement was found. This numerical

solution can also be used to predict the Rayleigh numbers where the

. flow will go from a stable condition to an unstable condition ‘for

a wide range of inverse felatiVe gap widths (Di/L) from 2.8 to
12.5. This is due to the occurence of steady secondary flows
immediately preceding the unsteady‘flow, which has been observed in
experimental investigations within the above specified inverse
relative gap Widths. It was found that a pronounced increase in
magnitude of temperature and velocity components heralded the

appearance of secondary flow in the large inverse relative gap

widths.

SPHERICAL ANNULI
An initial investigation of the natural convection process in the
annulus betwéen concentric spheres was carried out by Bishop,
Scanlan, and their colleagues in 1964. Since that time a series of
papers have beén published.
The first investigation was carried out by Bishop, Kolflap, Mack,

and Scanlan [1] for air as the working medium within the gap. Using

LI 8
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the flow visualization techniques described in [2], they observed
three different flow behaviors for diameter ratios of l.19; 1.72,
and 3.14 at various temperature differences (5°F < AT < 60°F). The '
most common pattern, the crescent—eddy type, occurred for'the
intermediate diameter ratio (1.725 at all temperature differences,
while for the largest (3.14) and the smallest (1.19) diameter ratios
it occurred only at small . temperature differences. The second flow
pattern, the kidney-shaped eddy type, occurred for fhe largest
diameter ratio (3.14), f.e., fhe largest gap, at moderate to iargel
temperature differences. The main difference betwéen the first two
patterns was the shape of th; central-eddy region. The third flow..
pattern, the “"falling—vortices" type, occurred at modérépe to high
temperature differeﬁces for-the smallest diameter ratio (1.19).
This flow type was unsteady and was characterized by the formation
and shedding of vortex cells. . Detailed descriﬁtions and photografhs
concerning these three different flow patterns were aléo présented.
Further details of this study were given by Bishop-[28]. The results
of an investigation of heat transfgr rates and a detailed diécﬁssion
of temperature distributions corréiated to ghe obse;ved flow
patterns were presented by Bishop et al [3].

An apalytical solution to this problem was carried out by Mack

and Hardee [4] in the same manner as that of Mack and Bishop [23}.for"

concentric cylinders. This solution is limited to low values of:

L
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Rayleigh number. Their highest value of Rayleigh number was
considerably below the lowest value obtained experimentally by
Bishop et al [3].

3 The two most recent reports were contributed by Scanlan,,

Scanlan et al [5] extended the existing heat transfer data and

temperature profiles of Bishop et al [3] (NPR 50.70) to include

* Prandtl numbers up to 4184 by introduciﬁg water and two different

silicone fluids into the gap. The first investigation concerning

natural conyection between.eccentric spheres was performed by Weber

et al [6]. They introduced a conformal mapping technique to

present the results of heat transfer-rates between eccentric spheres
to enable a comparison with the ekisting data for concentric spheres.
A single correlation equation of heat transfer rates was obtained

for an extremely wide range of diameter ratios; eccentricities;
Rayleigh numbers, and Prandtl numbere. They also pointed out that

the effect of a negative eccentricity (inner sphere below the center
of the outer sphere) on the temperature distributron was basically

an enhancement of the eoﬁveetive motion, while a positive eccentricity

tended to stabilize the flow field and promote conduction rather

_than convection. The multicellular flow pattern, which has prev1ously

- been postulated by Bishop et al [3] to explain the temperature

distribution between concentric spheres with small gap spacing, was
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also found to yieid a plausible explanation for the thermal field
obtained using the largest inner sphere (Di = 9") considered in
their investigation.

Tn addition, natural ‘convection heat transfer between
isothermal centrally ‘located vertical cylinders and their isothermal
spherical enclosure was experimentally investigated by Weber [29].
Various diémeters of cylinders and aspect ratios, defined as the
ratio of length of straight cylindriéél section to radius of
cylinder, were used in his study with the gap filled with water,
Based upon his measured .heat trénsfer rates and temperature
distributions, he noted that the larger aspect ratios for gll
diameter ratios seemed to .curtail the convective.acéivity while the
smaller aspect ratios for all diameter ratios seemed to promote
-convective activity, A muiticellular flow regime was also

postulated for the smallest diameter ratio cylinder investigated.




CHAPTER III

EXPERIMENTAL APPARATUS AND PROCEDURE
EXPERIMENTAL APPARATUS .

The apparafus used in this invesfigation was designed to
provide fhe capability to study the characteristics of natural
convective flow between isothermal concéntric spheres with different
diameter ratios using both air and water és fhe gap media. A
photograph of the assembled apparétus, utilizing water as the gap
fluid, is shown in Figure 1, Figure 2 and Figure 3 preéent
schematics of the entire operating systeﬁ for water and air as the
gap working fluid respectively. An equipment 1ist-is provided in
Appendix IT for reference purposes.

The same inner spheres, 9.00, 7.00, 5.50 and 4.50 inches in
diameter, used in the heat transfer .study by Scanlan.et al [5] were
also used in the .current stuay. All of the inner spheres Qere
fabricated from copper with an approximate wall thickness of 0.025
inch. In order to establish the flow visualization, a glass outer
sphere was fabricated from two hemispheres with an inner diameter of
9.77 iqches. The combination yielded diameter ratios (Db/Di) of
1.09, 1,40, 1.78, and 2.17 which are close to the values uéed in the
heat transfer study of Scanlan et al [5]. This arrangement will
alloQ conyenient correlation between thermal and flow phenomena for
this geometry.

The inner spheres were supported in the outer sphere by a

L
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Figure 1. Assembled Apparatus with Water Cooling System
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stainless steel stem of 0.05 inch diameter and 0.065 inch wall
thickness. The stem was insulated by using a plastic shrink tube to
minimize lateral heat conduction through the tube, The stem, in
addition to providing support for the sphere, served as.a suppbrt
for the electrical disk heaters and as a transfer tube for the power
leads, thermocouples, and liquid Freon—-11. Initially, the inner
'sphere was approximately half filled with Freon liquid and half with
Freon vapor. The level of the Freon liquid could be controlled by a
small stainless steel tube which acted as both a stand pipe for
“yenting during the Freon-~ll charging and as a meané of measuring
pressure within the inner sphere. The isothermai inner—sphere
temperature was achieved by passing an electric current through thé
heater, which was located below the liquid level, causing a
continuous Freon vaporization-condensation cy¢le. By varying the
setting on an AC Variac located in.the heater circuit, various inner
‘'sphere temperatures could be obtained. Figure 4 shows the arrénge—
ment of powér leads, heaters, thermocouples, etc. inside the inﬁer-
sphere. . ) -

The outer sphere consisted of two glass hemispheres with the
separating plane located at an angle of 30 degrees with respect tb
the Qerti;al axis. The hemisphereé were joined together using a

.silicone sealant which yielded leak~prdof sealing and ease of

disassembly for changing the inner sphere. The inner diameter and
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Figure 4. Interior of inner sphere
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thickness of the glass sphere were 9.77 inches and 0,21 inch
respectively. A 0.20 inch'hole.at the top served as an air vent
while filling the gap with water. Another hole, 1.50 inches in
diameter and located'at the bottom, provided space for the stem
of the inner body and a means of injecting the gap fluids. A 3.5
inch by 3.5 inch cylinder made of plexiglass was attached to the
bottom of the glass sphere using epoxy cement, A tapered hole
through the cylinder p