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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.
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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




e V| LIL g S

14

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 provided éngular deflection of the stem
-permitfipg instailation of the larger diameter inner-bodies. Eigure
5 shows the two glass hemispheres. The installation of the inner
:sphere is illustrated schematically in Figure 6. The separating
plane of the two hemispheres was rotated through an angle of 45° with
respect to a front view before attaching the sphere to its
f plexiglass cubical enclosure. This prevented the élane from
obstructing thel!flow visualization.

The cubical enclosure was made of plexiglass and has a
characteristic length of 18 inches with a wall thickness of 0.5 inch.
The enclosure was designed with a removable top cover for changing
the spheres.. The supporting cylinder of the glass sphere was mounted
to the bottom of the enclosure using screws. In order to minimize
optical reflections, the‘inner surfaces of 'the cubical enclosure were
lined with thin phenolic sheets paintéd flat-blaék withlfhé |

exception of the viewing angle and a 0.2 inch lighting slit. The
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Glass Hemispheres
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Figure 6. Installation of Inner-Sphere

in the Glass Sphere
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outer surface of the inner sphere and the majority of the inner-and
outer surfaces of the glass sphere were also sprayed with a thin
blgck léyer for the same purpose.

‘Both inner and outer sphere temperatures were monitored using
copper—constantan thermocouples‘placeq at various locationé on the
sphere surfaces. The thermocouples for the inner sphere were placed
in the seam of the two hemispheres prior to final assembly. Six‘}
thermocouples, imbedded the depth of the wall thickness, were
attached to the glass spheré with'expoxy cement. The arrangement of
the thermocouple locations was chosen such that during testing, it
could be determined whether the éphefe was being isothermally
maintained. The surface temperature of the outer spherg was taken
to be the average of these six thermocouple readings.

The cooling system used to maintain the isothermal condition
of the glass sphere was determined by.the gap’ fluid used. For air
as the gap working fluid, a forced air draft was introduced into
the cubical enclosure and was passed over the glass sphere from both
the top and the bottom of the enclosure. It was withdrawn thfough
a narrow gap underneath the edges of the top cover. The air draft
was gupplied by a turbo-compressor whose speed was regulated by an
AC Variac. The flow rates of the top and thevbottom manifolds were

adjusted by metering valyes on each air line. This arrangement
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eliminated the problem of flow separation of the cooling éir while
‘passing over the glass sphefe. The isothermal condition Qas then
achieved by ﬁroper'adjustment of the compressor speed and floﬁ rates
from each air line.

For water as the gap working fluid, a closed cooling system
which included a reservoir, pump, water filter, chiller, aﬁd an
overflow discharge line was used and operatéd with a flow rate of
5 GPM. The ?ooling water was introduced into the enclosure from the
top and withdrawn from the bottom through a manifold system. A
thin plexiglasé cylinder, 12 inches in‘diaﬁetér, was placed“inside
the cubical enciosure surrounding the glasé sphere. This resulted
in achieving an.incréased velocity of the cooling fluid passing over
the sphere,

It was necessary to fill the remgining space in the enclosure
with water for flow oBservation to remove geometric op;ical distor—
tion. This proviﬁed a plane surface through which the flow could
be observed without the distortion caused by refraction at the
curved water-glass-air interfaces. The supporting cylinder of the
glass sphere was surrounded by two coil heaters connected to an
AC Variac. During the operation of the cooling system, a certain

amount of energy was supplied to these coil heaters. By doing this

a cooling problem caused by a large variation of local heat transfer
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rates along the inner surface of the glass sphere, caused by poor
thermal conductance of the glass sphere, was‘miﬁiﬁized

The inner~sphere support stem passed through the outer sphere,
a tapered hole and plug sealing device, and the cubical enclosure
to connect to a small reservoir made of stainless steel. For
sealing purposes, two O—Iings were placed beﬁween the inner-sphére
support tube and tapered plug, and two were placed between the
tapered plug and the tapered hole in the outer—sphere support‘
cylinder. The small stainless steel reservoir pérmitted the
emergence of power leads, thermocouples, and standpipe by méans of
Conax fittings to ﬁrovide leak—~free integrity of the system. The
reseryoir also housed the Freon-1ll fill port and the junction of
the Freon-11 pfessure gage. The reservoir rested on a threaded rod
that allowed vertical adjustment of the inne;lsphere. The inner
sphere could be accurately positioned Wifhin.the oqter_sphere by
utilizing a scale located beside the reéervoira

A light«fight box containing two 650 watt, air cooled, high
intensity, quartz-~iodine lamps provided a thim ébllimgted plane of
light for illumination of the annulus to enable flow visualizétidn
and photography. In conjunction with the use of tréceré, this
allowed the observation of the flow ﬁatterns occurring in a plane by

viewing the spheres at right angles to the collimaﬁed light beam.
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The tracers Wefe introduced into the illuminated plane through four
small tubes positioned beside the inner-sphere support—stem: For
air as the gap meaium, a preliminary observation indicated there
was an effect on the flow patterns due to the radiant energy from
the light beam., The same obseryvation was also noted by Bishop and
Carley [22] and Powe [27]. This effect was eliminated by passing
the light through a 0.75-inch thick water plane when air was the
working fluid. The circulating cooling water in the cubical
enclosure served this same purpose duriﬁg the studies using water as
the gap fluid.
The in£roduction of tobacco (cigar) smoke into the spher?cal

annulus was the flow visualization techniqué employed for air as
the working fluid. For water as the working fluid, howe&er,
satisfactory tracers were unavailable. The ideal tracers for use
in water should have the following characteristics:

(1) The tracer element must be neutrally buoyant with time

and temperature variationm,
(2) The tracer element must be visible and photographable,
(3) The tracer- element must follow and indicate the gctual
physical flow phenomena. -
In order to study fhe flow phenomena with water in the annulus,

a special yisualization technique was developed in the current study.

The working fluid with-the tracer was prepared in the following
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The needed qﬁantity of distilled water was boiled.
The:gurpose of this was to deaerate the Wéter in order
to minimize bubble collection on the inner suffacé of
the glass sphere. Previously, these air bubbles
caused the view of the flow to be partially
obstructed.

The boiled water was cooled to approximately 80°F.
This water was thén siphoned into a storage container
to which was added a very minute amount of liquid
detergent (3 gallons of water to approximately 15
drops of "Ajax'). Geﬁtle shaking of the container.was
necessary fo form a homogeneous mixture without
introducing any air bubbles.

After sitting several hours, numerous -very small
neutrally buoyant ﬁarticles were observed in a lighted
plane. Having obtained this condition, the mixture ¢

was introduced into the gap. Figure 7 shows these

" particles at rest within the spherical annulus before

heating.

It was found that the concentration of particles was affected by

the quantity of detergent added. Too much detergent caused the

wéter to appear milky grey which reduced the contrast significantly.
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It was also discovered that when the temperature of the mixture
exceeded 120°F, the number of particles observed was considerably
reduced. This yisualization technique>could very well pfove useful
for flow studies in other fields where water is the working medium.

Several different kinds of solid parficles used by p?evidus
investigators were evaluated in the current study. Some of these
- were aluminum powders, polyethylene, polystyrene, and a type of
small, hollow glass spheres called Eccospheres., All of these
particles revealed the following disadvantages.'

(i) They were not neutrélly buoyant for a long pefiod of
time under the necessary variation of water temperature.
. {(2) Since the spherical annulus was ;n enclosed space,
many particles were found to adhere to the inner
surface of the glass sphere causing visual obstruction.
(3) In comparison to the detergent particles, most of the
- particles héd poorer opgical reflgctivity and therefore
were much more difficult to photograph.

Another flow visualization technique described by Baker [30] was
also evaluated. A solution, prepared by adding a sméll amount of
thymol blue PH indicator to distilled water, was introducéd into the
annulus. . A blue dye was created in the gap upon impressing a small

DC voltage between two electrodes within the solution.This method
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proved unsuccessful because‘ﬁhe contrast between fﬁe blue dye and the
red solution was rather difficult to distinguish.

Still photographs of the flow pattérns were obtained using a
tripod-méunted 4"x5" Calumet Camera, and motion pictures were taken
by use of a Beaulieu R 16mm "Automatic" photoéraphi; recorder.

Fast film was selected due to the adyerse lighting conditions.
Kodak 4-X Reversal, 7277 16mm movie film was used for the motion
pictureés. All'of the still photographs were taken with either
Kodak Tri—-X Pan Professional Film or Polaroid Black'& White 3,000
speed Land film. In order to achieye good contrast, kodabromide

F+4 print paper was used for enlargement and printing.
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EXPERIMENTAL PROCEDURE

The desired inner sphere was selected and painted black before
placing it within the glass outer sphere.. A single~component, air—
curing silicone sealan; was used to join the two‘glass hemispheres.

A leak~proof seal was obtained by allowing approximately 24 hours
for the sealant to cure, The spheres were then installed within
the cubical enclosure, followed by connection of thé electrical
{ power, thgrmocouples, and plumﬁing. The concentric location of the
* inner-sphere was ensured by the following simple procedure:
(1) Raising the inner sphere to its extreme upper location
vand recording the reading of the scale indicéted by a
needle mounted on the stem; |
2 Lowering'the inner sphere to its extreme lower location
and recording its corresponding reading; and
(3) Setting the inner sphere at the middle position between
these two marks. | |

The Freon—ll f£ill and vent valves were opened. Both valves
were then closed whéen a steady Freon—ll stream éﬁerged from the
vent line, wﬂich indicate& the inﬁer sphere was half full,.

The following procedures were followed for water as the gap
working fluid:

(1) The prepared working fluid was introduced into the
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annulus from the container by gravity flow.

(2) Aé soon as éhe annulus was completely filled, the
inlet valve was closed. The air vent was kept open to
allOW‘for thermal expansion of the fluid.

(3) Thé cooling system and AC Variac connected to the
heaters in £he inner sphere were turned on. The
voltage was adjusted to yield the desired temperature.

(4) Power supplied to the coil heaters was then varied
such that the inner surface of the'enclosing sphere
approached an isothermal condition.

(5) Allowing sufficient time for thermal equilibrium to
be reached, the gap—flow phenomena were -then
investigated.

The following procedures were followed fo; air ;s the gap
working fluid:

(1) The annuius was opened to the aémosphere fhrough a
smoke introducing valve.

(2) The AC Variac was adjusted to give the desired innef
sphere temperature. /

(3) The cooling fan was turned on and adjﬁsted in speed.
The upper and lower air flow rates were regulated by

/

valves in the air lines to obtain the desired outer
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sphere temperature,

(4) When thermal equilibrium was reached, cigar smoke
was gently introduced into the gap. Before the flow
pattern investigatién, sufficient time was allowed to
insure that the flow figld'was fully developed. It
was found that the smoke density in the annulus
affected only the pattern contrast and did not affect
the flow pattern itself. Therefore the amount of
smoke introduced into the annulus depended upon
visual and photographic considerations.

Visual observation and photographs were made for each
temperature difference achieved., A written description and mgtion
pictures were also recorded for each type of flow pattern. In
addition, the following data were recorded with each observation,
photograph, and motion picture taken:

(1) Gap fluid, ¢

(2) Gab pressure (for air omnly),

3) Inner;sphere temperatﬁre,

(4) Outer—sphere temperature,

(5) Inner and outer sphere diameters,

(6) Heater voltage, and

(7) Run number,

The gap working media and associated geometric combinations in
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the present investigation are shown in Table 1.




TABLE 1

GAP WORKING FLUID AND ASSOCTATED GECMETRIC COMBINATIONS

Gap Working
Fluid 7 Air Water

D (in) | 9.77

o 9.77

Di (in) 4,50 ; 5.50 { 7,00 | 4.50 | 5.50 ; 7.00 ; 9.00

D.O/Di 2.17 | 1.78 | 1.40 | 2.17 | 1.78 | 1.40 | 1.09

L/Di 0,59 { 0.39 | 0.20 | 0.59 | 0.39 } 0.20 | 0.04
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CHAPTER IV

EXPERIMENTAL RESULTS AND DISCUSSION

-

From the data recorded, as stated in the previous chapter, for
each of the flow patterns, the appropriate dimensionless parameters
such as diameter ratio, relative gap thickness (L/Di), Grashof
number, Prandtl number, and Rayleigh numbervwere.calculated. The
gap thickness, inner diameter, and inner radius were selected as
the characteristic dimensions in the calculation of certain
dimensionless parameters. Since a large amount of data was involved
in this investigation, a data reduction program, written for the
Xerox Data Systems Sigma 7 digital computer,‘was utilized to
calculate thermdcouple temperatures and properties of éhe gap working
fluid and then to obtain the dimensionless pa;ameters: A complete
listing of this program for water as the gap working flui& and
sample results from this program are found in Appendix III. For air
as the gap working fluid, a listing of the data reduction program
can be found in Powe [27]. In this data reductioﬁ process, all -
fluid properties, being temperature dependent, had to be evaluated at
some suitable reference temperature. Previous Envestigations [5, 28]
have demonstrated satisfactory results py utilizing the volume

weighted mean temperature, Tvm’ which is defined as?
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The physical interpretation of this mean temperature can be
explained in the following manner: This temperature is determined
by treating the fluid contained between the inner sphere and an
imaginary sphere, of diaﬁetef equal to the arithmetic mean diameter
of the inner and outer spheres, as being at the inner sphere temper~
ature and the fluid contained between the imaginary sphere and the
outer sphere as being at outer sphere temperature. An additional
reference temperature was also employed. This was an arithmetic mean
temperature defined as:
T, + T
T == 9
am 2 (4-2)

For clarity, this chapter is presented in three sections; the
flow pattern descriptions, the summary of experimenfal results, and
the discussion of results. All those dimensionless parameters employed
.in this chapter are baéed upon gap thickness (L) as the characteristic
dimensioﬁ, and the fluid properties, being temperature dependent, are

evaluated at the volume weighted mean temperature'(Tvm) except when

otherwise indicated. The term minimum observable value of Grashof
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number used in this chapter is defined as the yvalue corresponding to
the smallest temperature difference tAT n 5°F) for a given fluid
and diameter ratio. The limiting value of the temperatu§erdifference
was chosén such that any error intrgduced due to slight temperagure
variation on the spheres wculd be negligible.
FLOW PATTERN DESCRIPTIONS
This section is presented in such a manner as to give a
detailed description of each flow pattern which was observed in the
spherical annulus for increasing temperature differences with each
diameter ratio. These describtions are also supported by still

photographs, motion pictures, .and sketches. The results for both

L1 3

air and water as the gap working fluid are treated in two sub-sections.

AIR AS THE GAP WORKING FLUID:

The first spherical configuration utilized in this investigatioﬁ
consisted of a 4.50 inch diameter inner sphere and 9.77 iﬁch
diameter outer sphere, yielding a diameter ratio of 2.17 and a

relative- gap thickness-(L/Di) of 0.59. For a Grashof number (NG )

%

above a minimum observable value of 72,000 (NRAL = 51,000) and
below approximately 166,500 (NRAL = 118,000), a steady ''crescent
eddy" pattern was observed in the annulus. In the crescent eddy

pattern, shown in Figure 8,‘the fluid immediately adjacent to the
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Steady Crescent Eddy Pattern for
DI/D - 2507 L/D, = 0.59
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N = 72,000 N
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spheres flows with a relatiyvely large speed compared to that in the
central and major part of the gap. Flow was upward along the inner
sphere and downward along the outer sphere. The upward f£low region
was slightly thicker than the downward flow region. A distinct

N .
center of the crescent eddy was seen to be located above the
horizontal énd near the outer sphere. In the upper region of the
gap, there was a distinet vertical dividing line, or chimney, between
the two halyes of the pattern. The flow did not extend completely
into the lower region of the annulus, and this resulted in a
relatively stagnant region. The downward f£low along the outer
sphere pértially entered and expanded into this stagnant regiomn.
Meanwhile the fluid was also withdrawn from this region and
converged into & thin layer as it moved upward along the inner sphere.
This stagnant region appeared to decrease slightly in size as the
Grashof number was increased. It was also observed that the lopatioﬁ
of eddy center mdvéd radially outward aﬁd upward in angular position
for an increase in Grashof number.

As shown in Figure 9 for a Grashof number of 166,500 (NRAL =
118,000), a small distortion emerges at the 1owe; portion of thé
central low—speed region. The central flow region, shown in Figure
lb has become distorted into a kidney shape, as the value of

Grashof number was increased. - This kind of flow pattern was named
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Figure 9. Photograph Showing Onset of Steady

Kidney-Shaped Eddy Pattern for

D /D, = 2.17
o' i

N = 166,500

o

L/Di

N

it

0.59

118,000
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Figure 10. Steady Kidney-Shaped Eddy Pattern for

DD R il L/D, = 0.59
a i i

N = 295,800 N

Gy

Il

209,600

g




'46

the "kidney-shaped-eddy" type due primarily to the. shape of the
central.flow region. In the central loﬁﬂspeed flow region, the
downward flow velocity at the outer boundary was significantly
greater than the upward flow velocity on the inside of the regiom.
This phenomenon was enhanced as the eddy center was shifted toward
the outer sphere for a higher Grashof number, thereby indicating
that continuity was satisfied. The distortion of the central low-
speed region becomes more proﬁounced when associated with the
Grashof number increasing as shown in Figure ll;

As the Grashof number was increased above the value of’about

KAy

observed in the central low-speed flow region. This wave motion

760,000 (N = 535,000), a continuous radial wave motion was

was characterized by continuous shifting of the flowiines in the
radial direction from the vicinity of the eddy center towafd the
inner sphére. Conéequently, this radiélly inward propagating flow
combined with part of the'low speed upward flow and then returned
to the lower portion of the low speed central region through the
region immediately adjacent to outer sphere high-speed- layer,
thereby indicating that continuity was satisfied in this low speed
central region. During these occurrences, both the eddy center and
the vertical chimney remained distinct and stationary in the flow

field. TFigure 12 shows a photograph of this flow pattern. This

Lol 2
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Steady Kidney-Shaped Eddy Pattern

D /D% = 2.17 L/D, = 0.59
(o) o O

N = 555,000 N

= i

393,000
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Figure 12. Steady Modified Kidney-Shaped Eddy Pattern for

Dy/Dy = 2,17 L/D, 0.59
p | h i

N = 1,056,000 N

o g

746,000




49.

same type of flow pattern continued to exist for Grashof numbers
up to the value of 1,156,000 (NRAL = 816,000) which'was the
maximum yalue obtainable using this - -spherical combination in the
current experimental apparatus.

The second sPhericalnconfigurétion to be studied consisted of
a 5.50 inch diameter inner sphere and a 9.7% inch diameter outer
- sphere vesulting in a relative gap thickgess‘of 0.39 and a diameter
ratio of 1.78. TFor Grashof numbers below about 165,000 (NRAL =
117,000), a steady crescent eddy pattern was again found to occur.
This pattern, as before, was characterized By the relatiyvely thin
high-speed layers near the inner and outer spheres, with the flow
being directed upward and downward élong inner sphere and outer
sphere respectively, As seen in Figure 13, the center of flow
pattern was also located above the hofizontal and nearer to the
outer sphere., The posirion of the éddy center again appeared to
have a tendency to move radially toward the outer sphere and upward
in angular position as the Grashof number was increased. As before,
a small stagnant region waxu observéd in the lower portion of the
annulus and a definite separation line.was formed between two halves
of the pattefn at the extreme upper region. The minimum Grashof
number which was obtained in this case was 42,700 (NI.{AL = 30,300).

As shown in ﬁigure 14, a steady kidney—shaped eddy pattern, as

previously described,. was again obtained for Grashof numbers slightly

LLY
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Figure 13. Steady Crescent Eddy Pattern for
D /D, = 1.78 L/D, = 0.39
O i, i

N = 93,100 N

L,

I
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Figure 14. Steady Kidney-Shaped Eddy Pattern for

D /D, =1.78 L/D, = 0.39
o' 7i i

N = 194,000 N

By

137,400
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above the value of 165,000. Again the distortion of the low speed
flow region was observed té Eecome more prénounced for an increasing
Grashof number. This steady pattern existed undisturbed until a
Grashof number of about 246,000 (NRAL = 174,000) was reached, At
this point, a periodic contraction with an irregular period of
occurrence was found in the lower portion of the central flow fegion
as shown in Figure 15. For a value of the Grashof ngmbér of about"
275,000 (NRAL = 194;600), as iilustrated in Figufé 16, this interior
contractian motion becomes more violent, and a radial shifting .
motion of the flowlines in the central flow region appeared. The
center of the eddy, at this point, still remained visible; however,
when the Grashof number was increased ébove approximately 317,000

Ry

and a very slight tangential oscillation of.the chimney occurred

(N = 224,000), the center of the eddy was mno 16nger distinct,
due to the violent motion in the central region. - This type of flow
pattern is illustrated in Figure 17. It was noted that the rate. of

occurrence of the interior contraction increased for increasing

Grashof number. - ‘ .

The above deseribed unsteady flow pattern continued to exist in
the annulus as the Grashof number was increased,Aalthough the
contraction motion became more violent in the ceﬁtral flow region.

The maximum observable Grashof number for this spherical qonfigurétion

was 614,000 (W = 434,000).

RAL
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Figure 15. Photograph of Flow Pattern for

D /D, =1.78
(o] 1

N

ey

= 246,700

L/Di

N

!

0.39

174,600
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Figure 16. Photograph of Flow Pattern for
D /D= 178 L/D, = 0.39
o) e 1

N = 275,000 N = 194,600

oy RAL
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Figure 17. Periodic Interior Contraction Flow for

DO/Di =1,78 L/Di = 0.39

N = 323,000 N

i Al

228,400
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The final set of spheres to be coﬁsidered in this portion of the
investigation consisted éf a 7.00 inch diameter inmer sphére and a
9.77 inch diameter oﬁter sphere. A diameter ratio of 1.40 and a
relative gap thickness of 0.20 were obtained from this combination.

"

For Grashof numbers between 7,000 (N = 4,950) and 96,000 (N

Ry,
68,000), the flow in the annulus was again characterized by a

steady crescent eddy pattern. Before the value of Grashof number

of 17,000 (NRAL = 12,000) was reached, the main flow did not extend
completely into the upper portion of the annulus resulting in two
small secondary cells forming in the extreme upper ﬁortion éf the
annulus——one to either side of the sphere's %ertical axis. For

this case,’ these cells were completely stationary and rotated in
opposite directions. Each of them also rotated counter to the large
eddy adjacent to it. Since the flow extended completely dinto the
lower portion of the annulus, no stagnantvconditionfwas found in
this region. The center of the pattern, in this case, was seen

to be located slightly above the horizontal. This flow pattern
degcribed above is p;ésented schematically in Figure 18 and
photographically in Figure 19. When the.Grésth number was slightly
increased, the main eddy extended completely into the upper portion
of the annulus, and at this point no distinct cells'wgre observed in

this extreme upper region as illustrated in Figure 20. This same

type of flow pattern continued to exist for Grashof numbers up to

LLL
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Figure 18,

9.7

Sketch of Flow Pattern for Do/Di = 1,40

Ay

L/Di = 0.20, N = 8,400, N = 5,950
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Figure 19. Photograph of Flow Pattern for

D /D, = 1.40 L/D, = 0.20
o' 7i i

N = 8,400 N 55950

- Sy
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Figure 20. Steady Crescent Eddy Pattern for
D /D, = 1.40 L/D, = 0.20
Oy, it

N = 25,000 N

R i

17,700
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96,000, although the eddy~g¢nter location was shifted upward in
angular position along the same radius with increasing Grashof
number.

As the Grashof number was increased slightly over a value of
96,000,the high speed upward flow adjacent to the inner‘sphere
started to separate from the inner sphere at about an éngle of 40°
measured from the upward vertical axis, and a slight distortion of
the separation flowline was ob;erved to occur, although the chimney
was still distinguishable (Figure 21)7 When the Grashof number
reached the value of 99,000 (NRAL = 70,000), the,flow field in the
annulus was unsteady. This flow pattern was characterized by the
following motions: The high-speed flow along the surface of inner
sphere shot into the upper portion of,the annulus resulting in
rolling vortices, usually one or more pairs, in counter-rotation
with each other. Those cells were associated with sideways oscil—
lations about the vertical, and periodically, the cells might
disrupt but. were immediately reformed. Due to this sideways oscil-
lation in the upper region, a slight tangentiai-motinn was impressed
on the main cell. Tt should be pointed out that thé chimney no
lbnger existed in this upper region. The fluid in the uppef portion

then flowed downward yia the inner surface of the outer sphere,

returning to the lower portion of the annulus with a three~dimensional

Ll
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Figure 21. Photograph of Flow Pattern for

D /D, = 1.40 L/D, = 0.20
o % i

N = 99,300 N 70,000

GRL RAL
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spiral motion. There was no distinct center of this pattern, and
flowlines appeared not to maintain a constant positioﬁ but were
shifted in the radial direction. This apﬁeared to be caused by large
slugs of fluid flowing from the upper region of the annulus to the
lower portion, resulting in a relaﬁively thick downflow region
adjacent to the outer sphefe. Following this action, the up—flow
region adjacent to the inmner sphere woiild expand to a relatively
large thickness to throw the fluid into the uppef portion, thereby
maintaining continuity. There was no definite ﬁeriod of occurrence
for the above’described sequence of motion, and agaiﬁ the frequency
of occurrence increased with Grashof number. Figures 22, 23, and 24
show this type of flow pattern sequentially.

The above unsteady oscillating three~dimensional spiral flow

continued to be seen up to the maximum observed Grashof number

RAL

WATER AS THE GAP WORKING FLUID

120,000 (N = 85,100).

The first spherical configuration utilized in this investigation
was exactly the same as the first configuration-used for the air.
. This corresponded to a diameter ratio of 2.17 and a reiative gap
thickness of 0.59. A steady 'dog~face" typé pattern occurred in the

annulus for Grashof numbers (N ) above a minimum observable value

i
of 156,000 (NRA = 1,785,000) and below approximately 3,600,000
, L . .




Figure 22.

Photograph Showing Counter Rotating

Cells in Upper Region of

D /D,
(o] 1

Ner

L

Annulus for

= 0.20

73,200
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Photograph Showing Counter Rotating

Cells in Upper Region of Annulus for
D /D, = 1.40 L/D, = 0.20
o i il

N = 103,800 N
GRL RAL

73,200




65

Figure 24,

Three-Dimensional Spiral Motion in

Upper Gap Region for DO/Di =

i

1.40, L/D, = 0.20

N = 103,800 N

4

= 73,200
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N = 29,400,000). A representative sketch and photographs of

thjinattern are shown in Figures 25, 26, and 27. Three distinct
regions can be seen in this pattern. (1) A thin high speed primary-
flow region is observed in the vicinity of each sphere. - Theée fluid
in this region moves upward along the inner sphere, resulting in a
vertical dividing line in the upper portion of the annulus, and ‘
downward along the outer sphere with felati&ely high speed compared
to the fluid in other regions. The maximum velocity appeared to be
near the top of the inner sphere. (2) An interiﬁr low speed
secondary—flow region is observed in the upper portion of tﬁe
annulus. Here there were two secondary flows ci;culating in the
same direction as the primary flow. One of them was attached to

the inner sphere producing a weak return flow to the near vicinity
of the inner sphere. The other‘appeaféd at'the extreme fop'énd
adjacent to the chimney. Evidently, a weak shear layer occurred
between these two cells. It should be noted that a weak flow from
the lower cell was observed to-migrate toward the outér sphere
boundary layer. (3) The major part of the annulus consisted of a
central stagnant region in which no-detectable flow could be observed.
More detailed discussion of this typical flow phenomenon will be
presented -in the next section.

The steady dog~face pattern described above continued to be
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Figure 25. Sketch of Steady Dog-Face Pattern for
Do/Di = 2.17, L/Di = 0.59

N = 248,800, N

il

BAL

= 2,812,000
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Figure 26. Steady Dog-Face Pattern for

D/ D=0 ST L/D, = 0.59
(0] L o 18

N = 248,800 N 2,812,000

oy
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Figure 27. Steady Dog-Face Pattern (Upper Portion)for

I

DO/Di =217 L/Di 0.59

N = 248,800 N

GRL RAL

2,812,000
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observed until a Grashof number of 3,600,000 (NRAL = 29,400,000).
was Teached. The following minor changes in the flow field.were
observed as the Grashof number was increased; (1) the flow speed
in the high-speed primary flow.regiqn increased’and caused a
considerable decrease of the wall-~layer thickness, (2) the upper
secondary cell increased in size, and the pesition of this cell
center appeared to shift away from the chimmey due to an increase
of the chimney area, and (3) a slightly random motion occurred in
the upper interior region of-the annulus. These.minor changes of
flow pattern can be seen by comparing Figure 26 with Figure 28.

When the Grashof number was increased above a value of 3,600,000,
the upper secondary cell was ﬁd longer stationarf. At thié,point,
the upper secondary cell was formed and aépeared to submerée into
the relatively stagnant region of the upper interior portion of the
annulus causing a somewhat random motion to occur. Meanwhile, the
"fluid also discharged from this region along the inner surface of
the outer sphéré with a rolling vortex,mbtion, thereby indicating
that continuity was satisfied. The occq?reuce'bf the flow pheﬁomena
was repeated with an indefiqite period, although the frequency
appeared to increase with Grashof number. The majority of the flﬁid

in the annulus still remained in the stagnant condition, and no

detectable motion was found at this point. N

LAl 2
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Figure 28. Photograph of Flow Pattern for

DO/Di =00 S L/Di =10r59

N = 1,345,000 N

GRL RAL

12,554,000




e LI b L

72

The above described pattern continued to exist in the annulus
up to the maximum obseryable Grashof number of 14,200,000 (NRAL =
92,830,000) for this spherical configuration.

As shown in Figure 29, a steady dog-face pattern, as previously
described, was again obtained for Grashof numbers less than
1,184,000 (NRAL = 10,350,000) while using an inner éphere of 5.50
inch diameter and an outer sphere of 9.77 inch diameter to yield
a relative gap thicknegs of 0.39 and a diameter ratio of 1.78.

This pattern, as before, consistéd of three distinct regions:

(1) a high speed primary—-flow region, (2) an interior‘low speed
secondary—~flow region, and (3) a central stagnant region. The~
minor changes, as previously described, associated with increasing
Grashof number again occurred in this case. The smallest observablg

Ray

The steady dog~face type flow patfern existed undisturbed until

Grasghof number was 150,000 (W = 1,600,000).

a Grashof number of 1,184;000 was reached, At this point, a-ﬁeak
tertiary cellular motion was generated in the weak shear.regioﬁ
between the secondary cells. The upper seconqa;y cell grew in size
and changed in shape. On the other hand, the lower secondary cell
was reduced in size, and most of the flow in this fegion returned to
the outer sphere hiéﬁ«SPeed layer instead of té the inner-sphere

layer as before. Also, a considerable amount of random motion was
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Figure 29. Steady Dog-Face Pattern for

D /D, = 1.78 L/D, = 0.39
o i i 1

N = 404,000 N

= i

3,992,000
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observed in the interior low speed secondary—flow reéion, Figures
30, 31, and 32 show sketches and photographs of this flow pattern
for increased Grashof numbers. The meximum number at which obser—
vations were made was 5,530,000 (N |

RAL

The next spherical configuration to be studied in this portion

= 37,530,000).

of the investigation consisted of an inner sphere 7.00 inches in
diameter and an outer sphere 9.77 inches in diameter yielding a
relative gap thickness and a diameter ratio of 0.20 and 1.40 respec—

tively. For Grashof numbers below about 1,224,000 (N = 8,322,000)

a steady dog~face pattern was again found to occur inRiie.annuius.
In this case, fhe iocations of the interior secondary cells were
tangentially shifted away from the chimney compared to the two
previous configurations. A region of interior low speed secondary—
flow occupied most of the upper portion of the annulus; The
minimum value of Grashof number utilized for this configuration was

58,500 (N = 579,000). A photograph of this pattern is -shown in

RAp _ |
Figure 33, An interesting phenomenon, flow revérsal, was seen in the
annulus dlong the major portion of the central stagnant region
adjacent to the high-speed wall layers at higher Grashof humbers.

. As the Grashof number was increased abéve a value of about

1,224,000, the flow did not extend into the entire upper poftion

of the annulus thus léaving twu small secondary cells——ome to either
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Figure 30. Sketch of Tertiary Flow Pattern for
Do/Di = 1.78, L/Di = 0.39

N = 1,688,000, N = 14,170,000

e s ?
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Figure 31. Tertiary Flow Pattern (Upper Portion) for

D /D, =1.78 L/D, = 0.39
o' d i

N = 1,688,000 NRA 14,170,000

o L




Figure 32.

Tertiary Flow Pattern (Upper Portion) for
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Figure 33. Steady Dog-Face Pattern (Upper Portion) for

D /D,
(o] A I

N
GRL

= 1.40

= 117,000
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side of the vertical axis. These two cells circulated in opposite
directions, and each of them circulated in a direction-;pposite to
the adjacent primary flow as shown in Figure 34. At this point, the
major flow field of the annﬁlus'was.still dominated by the dog—face
pattern. The region of the opposite rotating secondary cells
expanded considerably with increasing values of Grashof number.
When the value of Grashof numbgr reached 2,230,000 (NRAL =
12,850,000), a three dimensional spiral motion replaced the counter
rotating secondary cells in the upper regidn of £he‘gap. The fluid
in this region was continually supplied by the flow separated froﬁ
the upward primary flow along in the inner spheré. Méanwhile, it
was observed that a continuous withdrawal of fluid from this
region occurred through the portion neafest the outer sphere, and
this withdrawn fluid combined with the primary flow to return to
the lower portion of the annulus. This again indicated that
continuity was satisfied. Only a very slight sideways oscillation
in the upper region was found, and occasionally, the continuous
withdrawal of fluid from the upper region was eﬁhanéed by a slug
of fluid generated in the upper region. Thefe Qas no definite period
of occurrence for this phenomenon. The interior secondary~flow
region (that is the one inside the primary flow region) was no

longer stationary and a rather violent random motion was cbserved




Figure 34.
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Photograph of Flow Pattern

Do/Di = 1.40 L/Di =

Z
1

- 1,224,000 N
Gy RA,

(Upper Portion) for
0.20

8,322,000
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at this time. The flow reversal still appeared in the region between
tﬁe high speed wall layer and thé central stagnant region. No
distinct dividing line could be seen in the flow field.-. Figure 35
illustrates the flow pattern described above. This fiow pattern
continued to be obseryed up to the maximum Grashof number of 5,455,000
(NRAL = 26,260,000) obtained using this configuration.

The last spherical configuration to be considered consisted of
a 9.00 inch diameter inner sphere and‘a 9.77 inch diameter outer
éphere result’ g in a diameter ratio of 1.09 and a relative gap
thickness of 0.04. No dog-face flow pattern was observed throughout
the rauge of Grashof number obfained using this coqfiguration,

? RAL

of Grashof number, an unsteady type of flow was found in the annulus.

1,720 (W =:l6,800) to 77,200 (W = 429,200). Oyer this range,
This unsteady flow pattern could be characterized as follows. First,
the upward flow along the inner sphere waé‘bréken,into two parts at
an angle of about 60° measured from the upward vegficél axis. Part
of‘the fluid returned to the lower portion of the annulus along the
outer sphere. The.rest of the fluid flowed into the upper region
with a three-dimensional spiral motion.at the extreme top of the
inner sphere. This entire phenomenon may occur for several minutés.
Following this action, the direction of the three dimensional spiral

flow in the upper portion of annulus was reversed, and then the

fluid in upper portion of the annulus flowed along the inner surface
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Figure 35. Three-dimensional Spiral Motion in Upper

Gap Region for Do/Di = 1.40, L/Di = 0.20,

N = 2,497,000 N = 14,946,000

N - i
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of the outer sphere to return to the iower portion of the annulus.
During the time of changing flow direction, the extreme upper
portion of the annulus appeared rather stagnant. Aggin, no
definite period of this occurrence was observed. The pgriéd, however,
did appear to be a function of the Grashof number. Usually a
decreasing Grashof number led to an increasing period. The lower
portion of the amnulus consisted of the high speed upflow and
downflow layers with a narrow interior low-speed region. A.series
of secondary circulations might he postulatedliﬁ the thin shear
layer region. Figures 36 and 37 show this flow pattern, and the
particle accumulation shown in Figure 36 was due to the change of

flow direction in the upper region.




84

Figure 36. Photograph of Flow Pattern (Upper Portion) for

0.04

DO/Di = 1,09 L/Di

N = 1,840 N 18,300
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Figure 37.
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Photogrpah of Flow Pattern (Lower Portion) for

D /D, = 1.09 L/D, = 0.04
o i a1

N = 1,840 N

e g

18,300
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SUMMARY. OF EXPERIMENTAL RESULTS

A brief summary of the foregoing pattern descripfions will be
presented at this time. All the.flqw patterns observed in the
current study for air és the.gap working fluid can be genefally
- classified into three distinct types of steady patterns and two
types of unsteady patternsi The most common pattern, the steady
cregcent eddy type, occurred in aii of the three tested spherical
configuratiops with diameter ratios of 2.17 (L/Di =0.59), 1.78
(L/Di = 0.39), and 1.40 (L/Di = 0.20) at low-Gréshof numbarg. This
pattern was characterized by rather thin high-speed layers near
the inpner and outer spheres, with the flow beiné directed upward
and downward along the inner aﬂd outer sphefé respectively. The
fluid in the central and major portion of this pattern moved with
low speed compared to that of the above mentioned up-flow and down-—
flow layers. A distinct dividing line and an eddy center appeared
in this pattern. The loéation of the pattern center was found'to be
a function of the spherical configuration used and the value of
Grashof number. Generally speaking, the center was located above
the horizontal and moved radially 6utward and upward in angular.
position for an increase in Grashof number. The second steady pattern

was of the kidney—shaped eddy type. This pattern was found to

appear for diameter ratios of 2.17 <L/Di = 0.59) and 1.78 (L/Di = 0.39)
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at Grashof numbers above that at which the crescent eddy flow
pattern diséppegred. The primary difference between this
pattern gnd the crescent-eddy type was the distorted shape of the
central low-speed region. The last steady pattern observed was
called the modified kidney-shaped eddy type and only appeared in
thé largest diameter ratié of 2,17 (L/Di'= 0.59) at high Grashof
numbers, In addition to the distortion in the central low-speed
reginn, a radial wayve motion was also observed in this.regioﬁ for
the modified kidney-shaped eddyvpattern.

No unsteady pattern was obtained for the largest diameter ratio
of 2:17 in the present study. For the diameter ratio of 1.78, an
unsteady, periodic interior—contraction flow occurred as the
. NGRL =
246,000 (N = 174,000). In this pattern, no distinct eddy center

e’

could be seen due to violent interior contraction motion which also

Grashof number was increased above the transition point,

caused a very slight sideways oscillation of the chimney. Another

unsteady pattern, a type of three-dimensional spiral flow, was

NGRL

for a diameter ratio of 1,40. The onset of the instability appeared

observed above the transition point, = 96,000 (N = 68,000),

to be near a position of about 40° measured from the upward vertical
axis. In this pattern, oscillation of counter rotating cells was

found to appear in the upper portion of the annulus'in ¢onjunction with

a three dimensional spiral motion. The foregoing results for air as
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the gap‘WOrking fluid are shoﬁn in tabular form in Table 2.

For water as the gap working fluid, four distinct flow patterns,
two steady and two unsteady, were observed in the present investiga-
tion. At low Grashof numbers, a commc. basic flow pattern, a 'dog—
face" type, occurred in all the spherical combinations tested
except for the smallest diameter ratio. This type of flow was
steady, and the flow field in the annulus was also dividéd into two
symmetrical portions about the sphere's vertical axis. This pattern '
could be characterized by three distinct flow regions, namely 1)

a high-~speed primary-flow region, (2) an interior low-speed secondary-—
flow region, and (3) a central stagnant region. Certain minor

changes appeared for increasing Graéhof.numbers. An “interio;
tertiary flowﬁ pattern, in which a tertiary flow férmed in the

weak shear layer of two secondary cells, occurred for the diameter
ratio of 1.78‘(L/Di = 0.39) at high Grashof numbers. The flow in

this pattern was still considered to be steady. ‘

The first unsteady pattern, an "unsteady dog-face" tyfe, ﬁas
observed at high Gfashof numbers for the largesg diametgr ratio 2.17
(L/Di = 0.59). The flow was characterized by the formation and
shedding of cells in the interior secondary-flow region. Essentially
the same type of unsteady pattern, the three—diﬁensional spiral flow,

was obtained for the two smallest diameter ratios of 1.40 aﬁd 1.09 at




Table 2% Summary of Results for Air as the Gap Working Fluid

SHAPED EDDY

D 9.77"
(o]
D, 4.50" 5.50" 7.00"
/Py (/D)) 2.17 (0.59) 1.78 (0.39) 1.40 (0.20)
72,000 g_NGRL<166,500 42,700 g_NGRL<165,000
fype of Flow | 51,000 §-NRAL<118,000 30,300 f,NRAL<ll7,000
Below CRESCENT EDDY
_ CRESCENT EDDY
Yransition 166,500 5_NGRtg760,ooo 7,000 g_NGRL<96,ooQ
. 118,000 < N_, $535,000 4,950 < N,, <68,000
Point ? - RA T ’ — R
KIDNEY-SHAPED EDDY {165,000 5_NGRL<246,000
CRESCENT EDDY
< <
760,000 <N <1,156,000 | 117»000 = Npy 174,000
GR ~ -
535,000 <NRAL§_816,000 KIDNEY-SHAPED EDDY
MODIFIED KIDNEY-

*Continued on the folléwing page.
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Table 2.‘ Continued

D_/D, /D) 2.17 (0.59) 1.78 (0.39) 1.40 (0.20)
Transition . . N - ; 7
. No data available GRp = 246,000 NGRL = 96,000
Point ' Mgy = 174,000 gy = 68,000
Type of Flow = . :
246,000<N . <614,000 96,000<N__ <120,000
Above GRL GRL
Transition No data ayailable 174,000Sky, 434,000, | 68,000, <85,100
Point
PERIODIC INTERIOR THREE~DIMENS IONAL
- CONTRACTION FLOW SPIRAL FLOW
. Note: The minimum and maximum value of N and N in each configuration are the

limiting observed values of the present investigation.
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high Grashof numbers. A three~dimensional spiral type of flow
instability dominafed the upper portion of the anndlus for this
pattern. The foregoing results for water as the gap working fluid

are showh in tabular form in Table 3.

i
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Table 3.% Summary of Results for Water as the Gap Working Fluid
D 9.77"
(o]
D, 4.50" 5.50" 7.00" 9.00"
D /D,
o' i 2.17 (0.59) 1.78 (0.39) 1.40 (0.20) 1.09 (0.04)
(L/Di)
150,000 < NGRL'
" <1,184,000
pa 0 <N
g 10009 2% | 1,600;000 < N 58,500 < Ney
§ e
s o < 3,600,000 <10, 350,000 < 1,224,000
S . No data
s & . DOG~FACE TYPE .
v & 1,785,000 579, 000N available
K TR | 1,186,000 < Yer, = :
qg <29"4OO’000 <5,530,000 <8,322,000
]
B 10,350,000 < N
e DOG-FACE TYPE R | poc-rAcE TYPE
< 37,530,000
INTERIOR TERTIARY
__FLOW.

* Continued on the following page.
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the limiting observed values of the present investigation.

Table 3. Continued
Do/Di 2.17 (0.59) 1.78 (0.39) 1.40 (0.20) 1.09 (0.04)
(L/D,)]-
i
Trans«l . .
- i = 1,2
rion NGRL 3,600,000 No data ayvailable NGRL s 24’000~ No data
point
. NRAL = 29,400,000 NRAL = 8,322,000 available
& 6 : 24,0
A | 3,600,000 <N 1,224,000<N 1,720<N
g R, o oy
o < 14,200,000 - < 5,455,000 < 77,200
g3 |
< 1 29,400,000<N No data available | 8,322,000<N 16,800 < N
[} H H — . 4 3 H — 9 i
5 RAy RAL RAL
_E{ & <92,830,000 <26,260,000 <429,200
Y
°© UNSTEADY DOG-FACE THREE-DIMENSIONAL THREE~DIMENSTONAL
0] : -~ .
ja¥)
& TYPE SPIRAL FLOW SPIRAL FLOW
Note; The minimum and maximum value of NGRL and NRAL in each configuration are

€6
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DISCUSSION OF RESULTS

A comparison of the current results of flow phenomena with the
existing results is presented in this section. A correlation of
temporatﬁre distributions measured for water as the gab.working'
fluid to the observed .low pattérﬁ is also presented.

Comparing the results for air as the gap working fluid with those
obtained by Bishop, Mack, Kolflat, and Scanlan [li, and Bishop [28],
several similarities in the flow patterns are found. Two basic
steady patterns, the crescent eddy and the kidney—sﬁaped eddy,
reported by thews were also observed in the present investigatiom.

The kidney-shaped flow pattern which occurred for their largest
diameter ratios of 2.53 (L/Di = 0.77) énd 3.14 (L/Di = 1.075 was
observed in the present study for diameter ratios of 2.17 (L/Di =
0.59) and 1.78 (L/Di = 0.39) at moderate Grashof nuﬁbers. In'thié
pattern, a pronounced distortion of the central low-speed region
occurred for an increasing Grashof number. TFor Grashof nﬁmbers

below that at which this distortion developed sufficiently to

cause a division of the central low-speed region, a contingous radial
wave motion was observed in this region for the diameter ratio of

2,17 at N = 760,000 (N

L RA,

For the diameter ratio of 1.78, as the Grashof number increased

= 535,000) in the current study.

above 246,000 (NRA'L = 174,000), the flow was no longer steady, and

a radial wave motion in conjunction with a periodic .contraction motion

L
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appeared in the central low~speeé region. This might suggest that

the distortion in the central low-speed region of the kidney -

shaped eddy will resul; in the inception of an instability rather

than causing a division of the pattern; In the annular configuration,
the upper.portion would probably be exﬁected to be more unstable than
the other regions. It is reasonablg to consider the upper portion
being the location of the onset of instability. Hdwevef; this is

not the case in the spherical annulus with a diameter ratio of 1.78
(L/Di = 0.39). This might be explained in the following manner. A
two-dimensional oscillating flow was obtained in concentric cylindrical
annuli for diameter ratios of 1.85 (L/Di = 0.42) and 2.00 (L/Di = 0.50)

for NG = 6.6 x lO5 and N = lO5 respectively by Powe [27] and
Rp, Ry,

a1,
Bishop et al [24]. In this pattern, in addition to the violent

interior motion, the chimneys in adjacent vertical planes normal to
the cylinder axis were observed to osciliate out of phase with each
other, forming a wave motion similar to a longitudinal traveling
wave. This longitudinal traveling wave motion could not occur in

the spherical geometry and thus the result was the inception of

instability in the central-low speed region rather than an oscillation

of the chimney in the upper region of the annulus. There might be a
possibility of obtaining a conical circular motion of the chimmey
about the sphere's vertical axis with the apex located on the inner

sphere.

1
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For low Grashof numbers, the crescent eddy pattern was observed
in all tested configurations used bY‘BiShOp et al [1], Bishop [28],
and the present study. No kidney -shaped eddy pattern was observed

in their study for diameter ratios of 1.72 and 1.37, and this was

also true for the diameter ratio of 1.40 in the current inyestigation.

A formation of secondary cells in the extreme upper portipn of thg
annulus was seen in this study for a‘diameter ratio of 1.40 a£ very
low drashof numbers. A bicellular flow pattern was postulaged to
explain the particular temperature profiles obtained for phe diameter
ratio of 1.25 by Bishop, Mack, and Scanlan [3]. Tﬁe fgrmation of
upper secondary cells observed in the current study might suggest
that there is'a strong possibility of forming the bicellular flow
pattern by means of an expansion of this upper secondary cell as
the diameter ratio was reduced to 1.25.

The flow pattern characterized by its three-~dimensional spiral
nature was reported in this investigation at high Grashof ﬁumbers
for the diameter vatio of l.l«O’(L/Di = 0.4). This pattern appears
to be equivalent to fhe patterns described by Powe [27] in horizontal
cylindrical annuli Witﬁ dismeter ratios of 1l.4. (L/Di = O-él) and
1.6 (L/Di = 0.3) at high Gfashof numbers. However, the inception
phen&menalof the three-dimensional spiral motion was different in
both studies. In his report, the formatiqnhof‘smali secondarf cells

in the extreme upper portion of the annulus heralded the instability

L1l
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in the form of a three-dimensional spiral motion., An earlier
separation of the high speed upward flow along the inner sphere
occurred in this study at ¢ = 40°. This different iﬁception phenomeria
may be considered to be due to the effect of geqmetricél difference.

A falling~vortices type instability was reported by Bishoﬁ et al [1]

RAy

3,600, but this flow was two-dimensional. For the present study, .

and Bishop  [28] for a diameter ratio of 1.19 starting at N

the pattern center was seen to move radially outward and upward in
angular position as the Grashofl number was increased, The same report
was given by Powe [27] in his results of an analyticai method.'

For water as the gap working fluid, the basic flow pattern, the
steady dog~face type, was observed in the present étudy for all of
the three largest diamcier ratios of 2.17 (L/Di = 0;59), 1.78
(L/Di = 0.39), and 1.40 (L/Di = 0.20) at low Gréshof numbers. This
kind of pattern has never been observed before, and it appeared to
agree very well with the temperature profiles presented by Scanlan,.
Bishop and Powe [5]. They reportad that the behavior of the |
temperature profiles was found to follow consistent general trends for
the four largest diameter ratins of 2.81 (L/Di =TO.91), 21.8 (L/Di =
0.59), 1.79 (L/D, = 0.40), and 1.40 (L/D_ = 0.20). They also. pointed
out that the form of the dimensionless temperature profiles was
found to be indepehdeﬁt of AT for a given diameter ratio and tesf

fluid when the Prandtl number remained essentially constant, or the
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variations of Prandtl number were less than the order of 15 percent.
A typical temperature profile for water as the gap fluid at NGRL =
1,215,000 (NRAL = 7,923,000) for a diameter ratio of 1.40 was
presented by them and is shown in Figure 38. The corresponding flow
pattern under this condition is the steady dog-face type, A
schematic sketch of this pattern is given in Figure 39, and a
photograph of this pattern can also be found in Figure 33.

Each temperature profile has five characteristic regions defined
in the same manner as in Bisﬁop‘gglg; [3] and Scanlan et al [5].
The first region is characterized by.a very steep temperatufe gradient
in the region very near to the wall of the inner sphere. This region
cofreéponds to the high—~speed primary flow region along the inner
sphere resulting in a high raﬁe of heat’ convection through this thin
layer. Tue second regiom, an inner—sphere curvature region, joins
this steep gradient region to one with a Very’flat gradient. This
region is considered as the transition region between the highﬁspeed
layer along the inmer-sphere and the central stagnant region. The
third region is one of a very flat temperature gr:iient. However,

<]

this is true only at ¢ = 0°, 120° and 160° and an inversion appears

in this region for ¢ = 40° and 80°. For ¢.= 120° and 160°, this
flat temperature gradient region is due to the effect of the central
stagnant region in which conduction domin~tes the heat transfer rate.

o

The unique shape of the profile in this region at ¢ = 0° can be
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Figure 38. Temperature Profiles for Water, Do/Di = 1.40,

L/Di = 0.20, NGRL = 1,217,000, NRAL = 7,923,000
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¢ = 160°

Figure 39. Sketch of Steady Dog-Face Pattern
For D /D, = 1.40, L/D, = 0.20
o 1 i

N = 1,217,000, N 7,923,000

o’ g !

¢ = 80°
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explained by postﬁlating.the gxisténce of a corner eddy as describe&
by Bichop gE_gl_[B]. The inversion regioné in the temperature profile
at ¢ = 40° and 80° can be explained in the following ﬁahner. By
referring to Figure 39, the invérsion regions appear to be in the
interior secondary flow region of the flow field. The heat transfer
rate in these inversion regioﬁs is dominated by the high rate of
angula. convection of heat due to the secondary circulation motion-
relative to conduction of heat in the radial direction. The_
secondary flow is more prevalent at ¢ = 40° than at ¢ = 80° and this
causes a more pronounced inversion at ¢ = 40° than at 80°.  Another
transition region between the central stagnant region and the high-
speed downward primavy-~flow region adjacent to the outer sphere
yields the fourth region, the outer-=sphere curvature region, in the
temperature profile. Thé fifth and final region /.£ the. temperature
profile is another steep temperatire gradient adjacent to the outer
sphere. This indicates that heat convec: ion again becémes more
prevalent in this region due to the high-speea primary flow along
the outer sphere. _
No interior secondary flow was obtsined by Liu, Mueller, and
Landis [18] for concentric cylinders using water as the gap fluid.
However, a similar secondary flow was observed by Elder [14] in his
study of a vertical slot utilizing both medicinal paraffin ana

silicone oil MS 200/100 centistoke as the gap fluid. He reported
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that the steady secondary flow was generated in the interior region
of the flow near NRAL = 105 and near NRAL = lOé when the secondary
cell amplitude was large. A further steady cellular motion, to be
called tertiary flow, was generated in the weak shear region between
cach cell. In the present study, a tertiary flow was first obtained
at NRAL = 107 for a diamgter'ratio of 1.78. Turthermorc, a small

flow reversal in the region adjacent to the vertical high-speed wall

Ry

A similar phenomencn of & small flow reversal'appearing in the region

layers was observed by Elder for H/L = 7.16 at N = 3.61 X‘lOS.
between the high—speed wall layer and the central stagnant region
was seen in this study for a diameter ratio of 1.40 (DO/L = §.77)
above the minimum observable value of NRAL = 579,000.

In the current investigation, no steady pattern was observed fox
the smallest diameter ratio of 1.09 evem at the minimum observable
value of N = 16,800). This is thought to be due to

GRL RAL

the small gap thickness gebmetrical effects which become predominant.

= 1,720 (X

Here the top section acts like a "fluid heated from below'" between
parallel plates where cellular instabilities arise at values of

NRAL befween 1,600 and 2,000 which are much lower than the value of
NRA = 16,800.
L

ey
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CHAPTER V

CONCLUSIONS AND RECOMMENDATTIONS

An apparatus for studying the chéractefistic; of nataral convec—
tive flows between isothermal concentric spheres with different
diameter ratios and using different test fluids was designed aud
constructed. In this investigation, the existing data of Bishop
et al [1] was extended to a higher impressed temperature differen;e
with air as the working fluid, and an initial study With water as
the gap fluid was also established. .The objectives of this
experimental investigation were (1) to obtain criteria for prediction
of the fluid-flow behavior, (2) to study the mechanism which detérmines
when and how the onset of instability in the flow field occurs, énd.
(3) to correl;tu the existing temp;rature’profiles with the flow
phenoi:ana obtained.

In order to obtain the vyisualization of the flow patterns, a
different visualizatioﬁ téchnique was .utilized for each test fluid,

A gpecial visualization technique was developed for water as the
working fluid in the current investigation. The visualization of the
flow pattern in this case was accomplished by iiftroducing a well
mixed and prepared solution of distilled water with a véry minute
amount of liquid "Ajax" detergent into the annulus and transversely
illuminating the major diameter. For air in the gap an injection ofx:
tobacco (cigar) sméke into the annulus Wasvémployed. A qualitative

description of the flow patterns obtained for each set of spherical




e, Ll Ll Ll

ML

|

104
combinations studied is presented.‘ These descriptions are supported
by still photographé.ah‘ a few sketches. Motion pictures of each
distinctive’ type of flow pattern found to occur in this investigation
were also obtained, and since they could not be presented in this
dissertation, they are being placed on file with the Aerospace and
Mechanical Engineering Department at Montana State University for
reference purposes.,

All the flow patterns observed in the current study for air as

N
the working fluid were generally classified into three distinct typés
of steady patterns and two types of unsteady patterns. The floﬁ
patterns at lower Grashof numbers qualitatively agree with those
obtained By Bishop et al [1] and'Bishop [28]. Tﬁe inception of the
instabilities characterized by periodic ipterior contractions or
three~dimensional spiral‘flow in the spherical énﬁuli wag compared to
the case of hqrizontal‘cylindrical annuli.

The most common bésic flow pattern with water as the.gap fluid,
the steady dog—face type, appeared in the three largest diametér'ratios
investigated. This flow pattefn is characterized by three distinct
regions: (1) a high speed ﬁrimary-flow region, (2) an irnterior low
speed secondary—-flow region, and (3) a central stagnant region. This
kind of pattern had néver previously been observed. The temperalure
profiles-ébtained in the heat transfer study of Scanlgn,'Bishop, and

Powe [5] correlate quite well with thig-basic flow pattern from -visual
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observation of the flow, Iﬁ addition to the appeafence of interior
secondary cells, 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‘ This tertiary type
flow might be thought of as the herald of the unsteady diéturbances
and the subsequent expected turbulent flow for those spherical
configurations with larger diameter ratios. As .the Grashof number
was increased over certain transition points, an unsteady dog—face type
flow, or a three-~dimensional spiral flow, was obtained.

No attempt was made to reach any generalized conclusions
regarding the‘effects of Prandtl number on the flow pheﬁomena in the
spherical configuration. However, the values of Rayleigh number
leading to the flow instabilities fgr water appeared to be higher

\

than those obtained for air.

RECOMMENDATIONS FOR FUTURE WORK

Before‘a complete plot which allows prediction pf the type, of
unsteady flow that will occur for a wide range of spherical
combinations and annulus operating conditions.cénybe obtained for
each test fluid, more. sets of spherical configurationé should be
investigaped,

It is- also recommended that the range of Prandtl number for

cach DO/Di studied in this investigation be extended, resulting in a
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greater understanding of the effect of Prandtl number on the flow

phenomena.
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GOVERNING DIFFERENTTAL EQUATTIONS
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Under appropriate assumptions, the mathematical model for
flow process resulting from the density change caused by a
temperature gradient within the gravitational force field betwe
concentric isothermal spheres can be obtained,

Assumptions:

(1) Constant fluid properties except in the formation of the

buoyancy term. This is based on the assumption that the temperature

J o ~d

difference AT is small compared with the absolute temperature of the

cold boundary.

(2) Compressibility effects and viscous dissipation can be neglected.

This is due to the fact that the fluid velocities associated with

this flow process are generally low.

(3) The flow is Newtonian. (Note: air and water were used as gap

working fluid in the present investigation. This assumption is also

acceptable.)
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Mathematicél Model;
(1) Continuity Equation;
1 3 2 1 3
—— — 7 ———— e 1
r2 or (or Xr) + r sind 99 (pV¢ sing) +

15
r sind 90

(pVg) = O &

(2) Comservation of Momentum Equations:

r -~ direction . 2 2
9V 3V ' V., 9V. Va4V
( Ly £ 42 £, 8 = L-—e—) =
9t r Or r 0 r sind 86 T S
9P [ 2 2 ¢ _ 2 i
e FH VY -V~ ey - g Vgeotd
r T T
9 BVG _
gt = [P =~ PB(T ~ T)]g cosd (2)
2 . RIS,
r sind
¢ —~ direction -
37, .
[y Mo, T T, Yo Mo Tl
ot . r Ot T 8¢ r sind 90 i
V2 cotd 3V v
Bc Ay S ) S [V v o+ AT _ ¢
T 9% ¢ 2 9% r2 sin“¢
oV . "
2_cost © 14 o - pB(T - D] g sind (3
2 . 2, 99 .
r" sin“¢ .
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8 —~ direction

: 9V
. .SVG .y ——9~ N Y9.8V¢ . Ve 3Ve L VeVr .

ot r ot r 9¢ r sind 230 T

v,V ' - v

Y ) _ 1 -9 2 '8
cotd) = ~Timg 0 T H |V Ve "2 3
r° sin"d
v, 3V,
+ 2 ro 2 QQS¢ ¢ )

r2 sind 90 r2 sin2¢ a0

where

2 20 1
e R
r" sind

_ L1 9 9 (aind oo
V —"r—zar( aq) (Sll'ld) aq)) + Ve

1 52

r2 sin2¢ _862

T = an unspecified mean temperature

(3) Conservation of Energy Equation.

v v '
3T oT , "¢ oT 6 3Ty _ .11 9 23T
PCo e T Ve sy T % T T sing 06/ T k{;z 5 T 3t
o 3 5T 1 527 |
b B o
r° sind r~ sin"¢ 96
Subject to

" (i) Fixed boundary conditions of T, Vr’ V¢ and Ve.

T=7T,, V_= V¢ = Ve =0, at v = T,
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T=T, V_ = V¢ =Vg =0, atrs= r

(ii) Undetermined boundary conditions of T, Vr’ V¢ and Ve
associated with ¢ - direction, © - direction, and time (t).
(iii) Undetermined boundary conditions of Pressure (P)

associated with r ~ direction, ¢ - direction and 6 -

direction.
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DC Millivoltmeter — Model No. 251-3, Serial No. 9493;
Manufactured by United System Corporation; Dayton, Ohio.

Digitest —~ Model 333, Serial 7299; manufactured by Honeywell;

Denver, Colorado.

Variac Autotransformer — Type W 20 MT 3; 120 Volt, 50-60 c¢jcle
line; 0-140 Volt,.20 Amps load; manufactured by General Radio
Company; Concord, Masséchusetts.

Powerstate Variable Autotransformer — Model GP 58004; 0-100 Volt;
manufactured by the Superior Electric Corperation; Bristol, -
Conneciicut.

Freon Pressure Gauge ~ 0-30 inches Mercury, 0-300 psig; manufac-—
tured by Ashcroft Corporatiom.

Water Pressure Gauge - O—Zd psig, 1/4 psi/div; manufactured by
U. 5. Gauge Corporatiomn. |

ISD Thermocouple Reference Junction — Model No. BRJ 18-24-TT,
Serial No. 525044, Ref. Temp. 32°F, 115 Volt; manufactured by
Whittaker Corporation.

Spencer Turbo-Compressor — Lot No. 24980, Serial No. 51021;

12 CFM, 115 Volt, 9 Amp 7,000 RPM; manufactured by the Spencer

)

Dehydrating Compressor Unit —~ Type CPD-10137, Serial 306; Input
115/1/60, 7.j Amp ; manufactured by Communication Pfoducta

Corporation.

LU (2
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11.

12,

13.

14.

15.

16.

17.

18.
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. Thermocouple Selector Switch — Manufactured by Honeywell Regulator

Corporation; Minneapolis, Minnesota.

Water Chiller unit — Manufactured by Watts Manﬁfacturing Company;
Ronceverte, West Virginia.

Pioneer Pump — Model H10 FE, 115 Volt, Single Phase, 60 cycle;
manufactured by Detroit Harvéster Corporation.

Water Filter - Model P 10~1, Catalog No. 55310-01 Max. pressure
135 psi, Max. Temp 100°F; Manufactured by American Machine &
Foundry Companya

Light Source — Cameralit Model No. 91, use with DWA 92 laﬁf; 120
volt, 650 Watts; Manufactured by ACME-LITE Manufacturing
Corporation; Chicago, Illinois. |

Fans - Scryice No. 50623693 11°. Volt, 0.5 Amps,xMauufacfured by
General Motor Corporation.

Timer -~ Model SC-100, 115 &olt; manﬁfactured by Industrial Timer
Corporation; Parsippang, Néw Jersey, -

4x5" View Camera — Serial 20630; ménufactured by Calumet '
Photographic Inc.; Elk Grov Village, Illipoié.

Movie Camera ~ Beaulieu R 16 "Automatic", Serial No. 665-180,

16 mm; Manufactured by Cinema.
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'The compﬁter program presented herein was written for calculating
the required dimensionless parameters from the recorded data for both
concentric spheres and eccentric spheres. This program included
fﬁnctioﬁ subprograms for the reduction of.therchouple data and
determination of thermal and physical properties of water as the gap
working fluid. A sample oftits results is also given. The ipput
variables for this program are defined in the fﬁlloﬁﬁng manner.

0 Observation numbur

DS Diameter of inner sphere, inches

DL Diameter of outer sphere, inches

EC Eccentricity, inches

E(T) Voltage reading of i th thermocouple, 'millivolts

This computer program has the following function subprograms:

(1) TUNCTION T(E) Convert millivolt readings for thermocouples
to temperature (°R)

(2) FUNCTION U(T) Calculates the absolute viscosity (lbm/hr~ft) of
water as a function c¢f temperature (°R)

(3) FUNCTION CP(T)'Calgulates the specific héat'(BTU/lbm—°R) at a
constant pressure for Watér as a fuﬁction of
temperature (°R)

(4) fUNCIION CON(T) Calculstes the thermél conductivity (BTU/ft-hr-°R)

of water as a function. of temperature (°R)

)
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(5) FUNCTION RBOAQT) Calculatés the densityﬂ(lbﬁ/ftS) bf water as
function of temperature (°R)
(6) TUNCTION' BETAA(T) Célculates the expansion coefficient (1/°R)

for water as a function of temperature (°R)




il1

3

4
50

-80

10

DIMENSION E(15), TE(15)

READ (105,1),6,DS, DL, EC

FORMAT (4F10.4)

IF (8) 5, 5, 6

WRITE (108,2) ©&,EC

FORMAT ('l OBSERVATION Ne,' F4.2,12X, 'ECCENTRICITY=' E15.8)
WRITE (108,111

FERMAT (? 0'16X TFLUID IN GAP IS WATER' )

X1 = (EC + DS/2 0)/(PL/2.0)

X2 = (EC - D8/2.0)/(DL/2.0)

RO = (1.0 — X1%X2 +((1,0 -XI1*X1)*(1.0 — X2% *2))w ©0.5) /(X1 -X2)
DSM = DL/RO

GAPM = (DL - DSM)/2.0

DRTM = DL/DSM

GRTM = GAPM/DSM

GAP = (DL - DS)/2.0

DRT = DL/DS

GRT = GAP/DS

WRITE (108,3) DS, DL, DRT

il

/|

F@RMAT ('0 INNER DIA = 'F8.4,', OUTER DIA = iF8.4,', DIA RATIG =
149

WRITE (108,4) GAP, GRT

TORMAT (0 GAP THICKNESS = 'F8.4,15X, 'RELATIVE GAP ='F8.4)
WRITE- (108,50) GAPM, GRTM

FORMAT ('0 MAPPED GAP =' E15.8,5X, 'MAPPED RELATIVE GAP ='E15.8)
WRITE (108,80) DRIM

FORMAT ('0 MAPPED DIAMETER RATIG~'EL5 8)

READ (105,9) (E(D), I = 1,8

FORMAT (4F10.4)

TOT = 0.0

pe-10 I=1,2

TE(I) = T(E(I))

TOT ‘= TOT + TE(I)

TS = 19T/2 0

'F8.

8TT

=TT

T

wTT

T




TeT = 0.0

be 11 I =23,8

TE(I) = T(E(I))
11 TOT = TOT + TE{L)

TL =-TOT/6.0

WRITE (108,12)
12 FORMAT ('0'16X,'TEMPERATURE DISTRIBUTIONS')
WRITE (108,16)
16 FORMAT ('0!1X, 'THERMOCOUPLE'3X,'TEMPERATURE'SX, 'DEVIATION'3X,'%Z D
1EVIATION')
WRITE (108,13)
13 FORMAT ('0'21X,'INNER SPHERE')
De 14 I =1,2
DEV = TE(I) - TS
DEVP = DEV*100.0/TS
14 WRITE (108,15) I, TE(I), DEV, DEV
15 FORMAT(Il4, 7 14.4)
WRITE (108,17)
17 FORMAT ('0'21X, 'OUTER SPHERE')
De 18 I =3, 8
DEV = TE(I) - TL
DEVP = DEV%100.0/TL
18 WRITE (108,15) I, TE(I), DEV, DEVP
DT = TS - TL
IMN = 0
100 IMN = LMN + 1
IF (LMN - 1) 51, 51, 52
51 ™ = (TS + TL)/2.0
WRITE (108,55)
55 FORMAT ('0'30X,'BASED ©N ARITHMETIC MEAN TEMPERATURE')
Ge Te 53 ' ‘
52 RAVG = (DL -+ DSM)/4.0
RAVG3 = RAVG#*#*3 ‘
RL3 = DL*%3/8.0

1|

6TT

T

1T
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RS3 = DSM*%3/8.0
TM=( (RAVG3-RS3) *TS+(RL3-RAVG3) #TL) / (RL3-RS3)
GAP = GAPM
DS = DSM
WRITE (108,56)
56 FORMAT ('0',30X, 'BASED 6N VOLUME WEIGHTED MEAN TEMPERATURE (MAPPED
nn
53 VIS = U(TM)
SH = GP(TM)
COND=CON (TM)
BETA=BETAA (TM)
RHO=RHGA (TM)
WRITE (108,19) TS,TL
19 FORMAT ('0 INNER TEMP = 'F6.2,5X,'@uter TEMP ='F6.2)
WRITE (108,20) TM, DT
20 FORMAT ('MEAN TEMP = 'F6.2,6X, 'TEMP DIFF ='F6.2)
WRITE (108,21) VIS, SH
21 FORMAT ('0 VISCOSITY ='F6.4,9X, 'SPECIFIC HEAT ='F6.4)
WRITE (108,40) COND, RHO
40 FORMAT ('CONDUCTIVITY =' F6.4 6K,‘DENSITI ="F7.4)
WRITE (108,22) BETA
22 FORMAT ('EXPANSIGN COEFF = 'E15.8)
GR= (32,174%BETA*DT*GAP/1728.0)* (RHO*GAP %3600,0/VIS)**2
= VIS*SH/COND ;
RA = GR*PR
WRITE (108,41)
41 FORMAT ('0'7X,'GRASHOF Ne'8X, 'PRANDTL Ne'7X, 'RAYLEIGH No')
WRITE (108, 26)
26 FORMAT ('0'17X,'BASED ON GAP THICKNESS' )
WRITE (108,23) GR, PR, RA
23 FORMAT (3X,E15.8,3X, E15.8,3%,E15.8)
WRITE (108,27)
"27FQRMAT ('0'19X, "BASED N INNER DIA')
GR = (32.174% BETA*DL*DS/1728 0)* (RH0>DS>3600 0/VIS)*%2

07T




RA=GR*PR
WRITE (108,23) GR,PR,RA
WRITE (108,30)
30 FE:MAT ('0'18X,'BASED 6N INNER RADIUS')

DS = DS/2.0 )
GR = (32.174*BETA*DT*DS/1728.0)*(RHO*DS*3600.0/VIS)#**2
RA=GR*PR )

w.. .E (108,23) GR, P™. RA
IF (LMN - 2) 100, 101, 101
101 G& TO 25
5 CeNTINUE
CALL EXIT
END

SUBPROGRAMS

FUNCTION T(E)
DIMENSION C(8)
DOUBLE PRECISION TeT

C(1) = 491.96562
C(2) = 46.381884
C(3) = ~1.3918864
C(4) = 0.15260798
C(5) = -0.020201612
C(6) = 0.0016456956
G(7) = —6.6287090/ (10.0%%5)
C(8) = 1.0241343/(10.0%%6)
TeT = 0.0
pe11I=1,8

1 76T = TOT + C(I)*E**(I - 1)
T = TOT ’
RETURN

END

IZT

T T
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FURCTIEN U(T)

TP=T-593,33203

C1=.0071685149

C2=.011751302

C3=.0087791942

C4=.810354704
VIS=C1*TP+C2% (1.4+C3% (TP4%2) ) %% 54+C4
U=1./VIS

RETURN

END

FUNCTIGN CP(T)
C1=1.3757095
C2=,0012968965
C3=1.1110533/(10.%%6)
CP=C1~(C2~C3%T)*T
RETURN

END

FUNCTION CeN(T)
C1=.23705417
€2=.0017156797
C3=1.1563770/ (10.%%6)
CON=-C1+(C2~C3%T)*T
RETURN

END

zt1
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FUNCTION RHEA(T)
C1=52.75L684
C2=.045437533
C3=5.1832336/(10,%%5)
RHBA=CI1+{C2-C3*7) *T.
RETURN

END

FUNCTIGN BETAA (T)
TP=T/100. =

IF (T-549.59) 1,1,2
C1=603.11841

C2=-353. 73882

C3=68.297012

Ch=—4,3611460
BP=C1+(C2+(C3+C4*TP) *TP) #TP
Ge 76 3 |
C1=-128.44920

'€2=68.827927

C3=-13.858489

C4=1.2608585
C5=-.042495236
BP=C1+(C2+(C3+(C4+C5#TP) ¥TP) *TP ) #TP
BETAA=BP/ (10.%%4)

RETURN

EAD

€Tt

T i




SAMPLE RESULTS FROM PRECEDING PROGRAM

BBSERVATTON NO,8.01 ECCENTRICITY= .00000000E+00
FLUID IN GAP IS WATER
'INNER DIA = 5.50000, GUTER DIA = 9.7700, DIA RATIG = 1.7764

GAP THICKNESS = 2.1350 RELATIVE GAP = .3882

MAPPED GAP = ,.21349993E+01 MAPPED RELEATIVE GAP = .,38818157E+00

MAPPED DIAMETER RATI®= .17763634E+01

TEMPERATURE DISTRIBUTIONS

THERMOCOUPLE  TEMPERATURE DEVTATION ZDEVIATION
INNER SPHERE
1 508.4895 ~.2271 ' . 0446
2 508.9436 L2271 .0446
, OUTER SPHERE
3 . 503,0190 .1526 .0303
4 503.0190 L1526 .0303
5 502,5615 ~.3049 ~.0606
6 503.0190 .1526 .0303
7 503.0190 1526 .0303
8 502.5615 ~.3049 ~.0606
BASED 8N ARITHMETIC MEAN TEMPERATURE
INNER TEMP = 508.72 " GUTER TEMP =502.87

MEAN TEMP = 505.79 TEMP DIFF = 5.85

A




VISCOSITY =3.4962
CONDUCTIVITY = .3349

SPECIFIC HEAT = 1.0040
DENSITY =62.4766

EXPANSIGN COEFF = .38012688E-04

GRASHGT Ne

PRANDTL Ne RAYLEIGH Ne

BASED ©N GAY THICKNESS

.66766131E+06

.10481361E+02 .17478850E+07

BASED 6N INNER DIA

.28509430E+07

.10481361E+02 .29881760E+08

BASED N INNER RADIUS

.35636881E+06

INNER TEMP = 508.72
MEAN TEMP = 504,99

VISCBSITY =3.5564
COXDUCTIVITY = .3345

.10481361E+02 .37352300E+07
BASED 6N VOLUME WEIGHTED MEAN TEMPERATURE (MAPPED)

QUTER TEMP =502.87
TEMP DIFF = 5.85

SPECIFIC HZ.X =1.0041
DENSITY =62.4821

EXPANSION COEFF = ,35522447FE-04

GRASHSF Ne.

PRANDTL Ne - RAYLETGH Ne

BASED ©N GAP THICKNESS

»15062825E+06

.10677341E+02 .16083090E+07

BASED ©ON INNER DIA

.25751370E+07

.10677341E+02 .27495616E+08

BASED ©N INNER RADIUS

.32189300E+06

.10677341E+02 .34369610E+07

YA
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