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Abstract:

Natural convection heat transfer between isothermal vertically eccentric spheres and centrally located
vertical cylinders and their isothermal spherical enclosure was experimentally investigated. Pertinent
dimensionless parameters and variables utilized in the investigation were Rayleigh number, based on
gap width, N, Prandtl number, N PR, eccentricity to gap width ratio, e/(r - r1), gap width to inner radius
ratio, L/r , and aspect ratio, H/2r, and covered the following ranges: 4.7< N PR <4148, 4 x 102< N RA
<9x107,0.09<L/ri< 1.18 and -0.75< e/(ro-ri - + 0.75 for the eccentric — spheres; 6< Npr< 14, 3.5 x
103< Nra< 2.2 x 108, 1.14< H/2ri< 2.00 ro-ri and 0.09 < —------ < 1.18 for the vertical cylinder.

— 1. — 1 Examination of the experimental data showed that the eccentricity had a slight effect on the
average heat transfer coefficient. The negative eccentricities were found to produce slightly higher
average heat transfer coefficients than positive eccentricities. The largest eccentricities, either positive
or negative, were also seen to produce heat transfer coefficients larger than the next lower eccentricity,
1.e., the average heat transfer coefficient for e/(ro - ri) = £0.75 > the average heat transfer coefficient
for e/i(r-r) = £0.50, etc. Gap thickness to inner radius ratio, L9ri was also found to have an effect on the
average heat transfer coefficient. The larger values of L/r. were found to yield higher values of Nusselt
number. An increase in the viscosity did tend to suppress this behavior, however, the same trend was
still found to exist. Heat transfer correlations for each individual fluid, as well as an overall correlation,
were obtained for the eccentric sphere configuration utilizing conformal mapping techniques to
transform the eccentric sphere configuration. Temperature profiles at five angular locations (0 = 0°,
40°, 80°, 120°, and 160°) were taken and yielded some insight as to the flow behavior and heat transfer
as a result of eccentricity. A negative eccentricity was seen to enhance the convective activity while a
positive eccentricity seemed to suppress the convective activity. A multicellular flow field is postulated
for the smallest diameter ratio configuration.

The experimental data for the cylinders were examined independently and showed that aspect ratio did
have an effect on the average heat transfer coefficient. The smaller aspect ratios for each diameter ratio
produced higher average heat transfer coefficients. Heat transfer correlations were obtained for each
cylinder as well as an overall heat transfer correlation for all of the cylinders. Temperature profiles
were taken and were enlightening as to the nature of the effect of aspect ratio and diameter ratio on the
flow field. The larger aspect ratios for all diameter ratios seemed to curtail the convective activity while
the smaller aspect ratios for all diameter ratios seemed to promote convective activity. A multicellular
flow regime is postulated for the smallest diameter ratio cylinder investigated.
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ABSTRACT

Natural convection heat transfer between isothermal
vertically eccentric spheres and centrally located verti-
cal cylinders and their isothermal spherical enclosure
was experimentally investigated. Pertinent dimensionless
parameters and variables utilized in the investigétion
were Rayleigh number, based on gap width, N , Prandtl
number, N eccentricity to gap width ratio, e/(r - r.),
gap width %o inner radius ratio, L/r,, and aspect ratio,
H/2ri, and covered the following ranées:

o 2 o ' 7 ' , -
4'7<'NPR< 4148, 4 x 107°< NRA < 9 x 10 ' Q.O9i L/rii 1718 .
and _ -0.75i e/(ro- ri) < + 0.75 for the eccentric
spheres; .
6< N__< .14, 3.5 x 10°< N__< 2.2 x 10°, 1.14< H/2r,< 2.00

PR " o. ] RA - . ,’ A - _— i'—‘ - ] 14

. ‘ro— ri . " o . .
and 0.09 < — < 1.18 for the vertical cylinder. :
i -7 _ .

Examination of thée experimental data showed that the )
_eccentricity had a slight effect on- the average heat trans-
fer coefficient. The negative eccentricities were found
to produce slightly higher average .heat transfer coeffi-
cients ‘than positive eccentricities. The largest e€ccen-
tricities, either positive or negative, were also seen to
-produce “heat . transfer. coefficients ‘karger. than the next
lower_eccentr1c1ty,'1 e., the-average heat transfer co-
efficient for e/(r - r.) = +0.75 > the average heat ‘trans- .
fer coefficient fo? e/%r -, ) = *0. 50, etc. . Gap thlckness
‘to inner radius ratio, Ly T was also found to have an ef-
fect on the average heat. transfer coefficient.. The larger
values of L/r, were found to yleld,hlgher values of | .
- “'Nusselt numbe¥. . An increase in the viscosity did tend to’
f_suppress this- behav1or, howevexr, the- same' trend was. still
.found to exist. Heat transfer correlatlons for each in-~
~dividual fluid, -as well as-an - overall" correlatlon, were

. obtained: for the eccentrlc ‘sphere configuration utilizing-
conformal mapping technlques to transform. the eccentrlc

l"sphere_conflguratlon ‘Temperature profiles at fiwve angular

. locations (6 -= 0°, 40°, 89?"120°5 and 160°) ' were taken
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and yielded some insight as to the flow behavior and heat
transfer as a result of eccentricity. A negative eccen-
tricity was seen to enhance . the convective activity whlle
a positive eccentricity seemed to -suppress the convective
activity. A multicellular flow field .is postulated for.
the smdllest diameter ratio configuration.

The experimental data for the cylinders were exam-
ined independently and showed that -aspect ratio did have
an- effect on the average heat transfer coefficient. The
smaller aspect ratios for each diameter ratio produced
higher average heat transfer coefficients. Heat transfer
correlations were obtained for each cylinder as well as an
overall heat transfer correlation for all of the cylinders.
Temperature profiles were taken and were .enlightening as -
to the nature of the effect of aspect ratio and diameter
ratio on the flow field. The larger aspect ratios for all
diameter ratios seemed to curtail the convective activity
while the smaller aspect ratios for all diameter ratios
seemed to promote convective. activity... A multicellular
flow regime .is ‘postulated for the smallest dlameter ratlo
‘cylinder 1nvest1gated.»” ‘
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NOMENCLATURE

Description

Characteristic physical dimensions; ex-
ponents in functional equations

Area

Constant

Constants in equation (4.9)

Fluid specific heat at constant pressure
Diameter; width of wvertical enclosure

Base of natural logarithms (2.71828...);
eccentricity i

Voltage

Denotes function

Denotes function

Acceleration 6f_gravity, 32,174 ft/seé2
Length of straight cylihdrical section

Convective heatAtransggr coefficient
(average, defined as h = qnet/AAT)

Height of vertical plate; total height

of cylindex

‘Electrical current

Inner body diameter

_Fluid thermal conductivity

Equivalent thermal conductivity




‘Symbol

eff

NU*
PR -
RA

RA*

xiii
,Despription
Effective thermal-donductivit&,

k = 3 -
eff/k qL/4ﬂk(?i 'ﬁo)rori-

‘overall cylindrical length, 1 = H

Distance between plates; gap thickness,

‘defined as L = (r -~ ri); length of

. .0
vertical enclosure

Characteristic physical dimension ratio,

.a/b

' Grashof nﬁmbe;,:p?gB(T.- T )a3/u2,'a-iS‘

replaced by any desired characteristic .
dimension )

_Nusselt ‘number, ha/k, a is replaced by

any desired characteristic dimension

Modified Nusselt number,
Nygs = Nyg/ (2 + B/x;)

Prandtl numbér} CPu/k‘

Rayleigh numbér;:ngB(Ti- To)aécé/pk

Mgdified Raylgigh number,

P ngTi— TO?L_CP/ukrij |
-Exponent'on functional nbfation;equation

-Heat-transfer.réte, total energy ‘supplied
. to-inner body ‘ ’

Heat traﬁsfer'rate; losses

HeatuFfansfggj;afé%-net) qneti-'___'q—ql |

" Radius to. a point between the .inner and
. outer surfaces; dimensionless radius

rétlo,“? 5 (R"T Re){fRou":Re)
Radius ‘to #’point'withih'thehannulus




Symbol

avyg

am

vm

AT

-xXiv
Description
Average radius, = (r,+ r 2
ge " Tavg (l o)/

Reading on dial caliper used in
equation (3.6)

Radius of inner body

Radius of outer sphere

Reference reading used in equation (3.6)
Mapped radius of inner sphere

Distance from center of the enclosing

‘sphere to the surface of the inner body

along a 6 = constant line

Mapped radius of outer sphere; radius of
outer sphere as used in equation (3.7)

Temperature of inner body

-Temperature of outer sphere

Temperature at some point between the
inner body and the outer sphere

Arithmetic mean temperature

‘Volumetric mean temperature

. Difference between inner body surface

temperature. and outer sphere surface
temperature, AT = (Ti— TO)

Defined. by equation (A2.7)

u = =u

2 -3
Defined by'equation-(A2113)‘

Abscissa in w ‘plane




l...n

. Independent variable used in equation

Xv
Description

Defined by equation (A2.7)

V., = =v

2 3
Defined'by equation (A2.13)

Value of experimental data
Value of equation

Defined by equation (A2.6)

Defined by equation (A2.11)

Wl = ul + lVl‘

Defined by-equation’(AZ?lS)

. Defined by equation-(A2.4)

Defined by equation (A2.3)

Defined'by_equatien,(Az.Z)

Defined by eguation (A2.1)

(2.29) and defined as-X = N, [l—D./D i§’5

Independent variable used in equatlon

(4.9).

'j“Dependent varlable used 1n equatlon (4 9);
,deflned by equatlon (A2, 2)

'Defined?by equation (A2.1)
.'Deflned by equatlon (A2 9)
“-Thermal dlffu51v1ty, k/pC

'Q~Thermal expan51en~coefficient
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Symbol- - . . "Description
r . Dimensionless temperature ratio,
' = T - T T, .-
‘ ( o)/( i To)
u S , ‘Dynamic viscosity of the fluid
o . ' Functional notation .
P ' Fluid density
T ) Ratio of circumference of circle to

diameter, 3.1415927,. .

6 : . Angular displacement, measured from the
upward vertical axis

o] _ ' ‘ Deviation
8 ' ‘ . "Average percent deviation

n’ - Inverse relative gap width, 2ri7(r6— ri)




Symbol

am

um

. vm

xvii

Subscripts

" Arithmetic mean

Freon-l1ll
Based on height of plate

Inner body éurface, at a point

Denotes losses

Based on disﬁance‘between plates or

"gap thlckness (rO - ri)

Mapped

Outer spherical surface

Inner radius.

Stem

:Unmapped
" Volume mean

" Based on'angulér position -




CHAPTER I

INTRODUCTION.

buring the past fifty years, technolbgy.has advanced
far beyond alllits previous ygars.. This occurrence has
fostered many p;oblems and yiélded some developments'almost‘
too_aweééme'and spéctacular tovcompfehend. During the same
fifty vear period.considerabie’étténtioﬁ»has been given to

the phenomenon of natural convection heat transfer from a

- body to.an infinite atmosphere. However, many of the -

natural convection problems confronting modern technology
are those of a body and its finite enclosure, and only a.

small amount of data exists for this case. Extrapolétion

.0of these existing data to new configurations not_cdvered by

£He éxisting‘aata-has'had tq'éuffice foi‘désign~cfiteria.
Ektfapoléﬁion is accébtableﬂéniy wﬁen adéguéte datafaéé‘-
hét ava;igbie, a#a thén{;hbuidtbé ﬁéédfﬁith:extfemg_if
péution. 1 | | ) |

-Sevefai‘papers dealing Wiﬁh-natural convection to

' bodies within finiteé. enclosures: have bééﬁfpubliéhgd in

recent years in an -effort to . overcome the:.serious lack of

. data. fhesefpapers primarilyfdéal—With:concentric.cylin-

drical and spherical annuli,.’and the natural convection
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phenomena which_occur within:these geometries have been
quite well défined for Prandtl number range 0.7 to 4148 and
for a wide ranée of diameter ratios and Graéhof numbers.
Unfortunately, these data are not ghough to characterize
natural convécﬁion wifhin the‘many'geome£ry variationé
possible,veve#.ﬁith'fhese simple cbﬁfigurations. There
exists a neea.to‘extend tpese concentric conﬁigurations to .
ones with the iﬁﬂer bédy in an eccentric location and, as
a further exteﬂsion, touﬁémpietelycchange the interﬁal
'bddy shape. Aﬁgblufely‘no'khowledge‘éf thez?esultipg-floﬁ
field; heat traﬁéfer, or'teméeratu%e profiles whicﬂ might
be~encoﬁﬁtéredAas é'resﬁlt éf:thegé éhénges is avaiiable,
_The.existipé'déia.migh£ be éxtrapéiéted ih.some maﬁne; to
yieid a predictiqn 6: thé;é phenémené;:but g%ﬁerimen£al
verificatioﬁ:a££éstiﬁg td'ifé\aéEuracf and effectiveﬁess
would be qéﬁ—é;isﬁént.' Ex££apolation‘of data to a differ—
~ent.c‘as‘e.is.cl-ui--te'zciahlnggrgﬁs and'theg_préduceéﬁdisastroﬁs-
g results_when.uééé fb'e;tablish dgsign'criﬁeriaﬂ

It_miéﬁt Beféﬁpfdpr}ate to‘cégside¥it£é,ﬁahneré‘ipj
Which,a;ﬂéét&t?éﬁsfér_preﬁiétién ﬁégibe~accu;;tély made'
for a égieéééaigééﬁetrf;f.fhé:fi?gfgggiémpt might'be”én:ﬂ 
énalytiéal %oiu£iontof théQéb%e:ﬂiﬁgréquéﬁééng;énd éséqcia—

ted.boundary cbnditibns.'-it”is;iﬁmediateiy=evident that
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dﬁe to the non-lineérity of the governing equations, any
analytical solution will be extrémely difficult and may,
as in the case of Mack and Hardee [1], be severely limitéd
in_;pplicability as well as being‘quite difficult to em-
ploy. Numerical fechniques cén,élso be utilized to éffect
a. solution, and atfempts aloﬂg'these lines have been suc-
cessful in accu;ateiy predidting occurrences and'trends for
simple'geométrieg but are quité labo?ibus and difficult to
employ.‘ The;efoie,'anothér methéd'of dealing-with the‘ 
problem is considerxred -~ an expériﬁehtally détermingd solu- .
tion iﬁ the fofm-of aﬁ empirical equation;.

The purpo;e“of‘the current study,is to experimenfall?
obtain information édncerning natg%al'convgbtion ﬁeagl'f'
.t£aﬂsfe£ 5e£ﬁeen an ecceht?ically located gphefe.and'é J
vertiea; cylinder aﬁd.thé;; s?heriéal englosgfe; and to
determine the fgmbératuie,disfributiohs Fhét take plabe:x
within thése two»éeometfic’cqnfiguratiéﬁs..:Thése ﬁew.aata,
should aid in ég£éndiﬁg thé éprre@£‘data:£d';nciude-theée'f
"tWO:nQ&~configuré£ions:and pefﬁéﬁé;figld thé;nééessafyﬁin--
.sightfto'effécﬁfé”corrélgtiéﬂ ;hat Qi;l-enéo@éass more.than>F
one ééométry; fihé;tempéfafuré”pQOfiies éo be:tékeﬁ:willabe.
'heléfu;:in desqribingnthe:?léw}phénomén;.and:£he heétjﬁfans-

fer that takes place Within'theseitﬁo‘configﬁrations.fﬁ-V
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The basis for the current study will be the recent
work of Scanlan, Bishop and Powe [2] for concentric
~spheres. This work presents several heat transfer correla-
tions -- one for each of the test fluids involved (air,
water, Dow Corning 200 Fluid - 20 ¢s, and Dow Corning 200
Fluid - 350 c¢s) and a single equation for all four
fluids. The Dow Corning 200 fluids are silicone base
fluids, and the 20 cs and 350 cs desigﬁations refer to the
kinematic viscosity in centistokes at 25°C. An attempt
will be made in the current investigation to correlate the
experimentally obtained data with the data for the concen-
‘tric sphericgl case [2] whenever possible.

The overall goals of this study are thus:

(1) To obtain empirical relationshipg that will
characterize the natural convection heat transfer taking
place between the.sphgrical enclosure and the inﬁgx body
for a wide raﬁge of variation of the independent variables
for the 9ccént£ic sphere cénfigp:afion.and the cylindrical
finﬁer body:configurafion. The eccentricity is defined as
the eertical displaéement of.the horizontal centerline of
-the inner sphere,relatiﬁe to that'bf the epqlosing sphere.
It méy be.positive.(upward) or ﬁegative but'istcbnfined to

the vertical axis. The cylindrical inner body is defined
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as a right circular cylihder with hemispherical ends. A
concentric location of this inner boay_is defined as the
centreids of the ihner body and the enclosing~sphere beihg,
coincident and the longitudiual axis of the cylinder being
coincident with the vertical axis'of the enclosing sphere;
The heat transfer was measured for various eccehtricities
for a spherical’body and for a doncentrically located cy-
lindrical body as a function of impressed temperature dif-
ferential.

(2) To'obtain temperature distributions ﬁithin the
. gap as the temperature“difference:between the two bodies
is  varied for a wide range of the rndependeutivarrabfes{

f3) To correlate the.current'data with those;current—:
lyiih existehce [2] for the concentric.sphericai annuli.

The‘apparatus used to determlne the heat transfer
rates and the. temperature proflles uas constructeu such
that.the:ingependent variables inc;uded the temperatures of
* the twe’hodiess the 51ze; shape,‘andelocation'of'the inner'
body} and the test fluld ) The raaial-temperature prefile
can be determlned at flve ahgular lecatlons startlng w1th

- 09_(upward,vertlcalfax1s) and spaced at 40° 1nerements;




CHAPTER.. IXI

LITERATURE REVIEW

Considerable attenﬁion has been given ta natural con=-
vection heat transfer over the 1astlfifty fears. The area
which.hés receivéd'the most attention hés-been‘the_case.of
convection frsm a bod? to its infinite surroundings. .Other
:geometries thét'also4received.much‘étténtion Were-horizon—.
tal and vertical rectaﬁgular'enclosﬁfes. The most recent
_contributions'héve been relative tﬁ;convection from bodies
to their.finite enciosﬁres with the‘geometries most oftgn
- considered being concentric cylind#ical'aﬁd‘spheriéal’n
annﬁii. |

.qu clafify the diséussién is presented in thrée parts.
_Thesg are (l),horiioﬁtgl-and vé%tiqal:jectangulér epcio—
sﬁres Y5arallel flat plates),-(z):concentric cylindfical'
anﬁﬁli; and:(3r ébncentrib';ﬁhgrié&}_aﬁnuii; Thé main
toﬁiﬁ-of inté;éét‘is éoﬁcentiig;épﬁericgi éﬁnuli( Héwever,‘{
£he.q;hérpge$metries arg preéentéa‘fo¥‘compieteness"éna_£o 
”demoﬁgtraté si#iiaritiés:be£weéﬂtﬁéfura%'cbnvgcti§£,bhé—"
.ﬁomgn&:whiéh.oécurfiﬁ{%hé“va;iéﬁéigebmetiiés. -

i.fhé:casé ;f naturél.conveé;i@ﬁ from’a body to an in-
fiﬁi#e;éfméséﬁ;ré.Qiii:pqt EéJf;éatga;siﬁéegthis §ugjeqt-is
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guite adequately covered in standard textbook references.
Jakob [3] ana Grdber,'Erk, and‘Grigqll [4] preseﬁt very
complete and inﬁqrmative reviews.on natural convection
heat transfer frqm a body to an infinite afmosphere. They
" also freat very adeguately the topic of convection within -
veitical and horizontal enclosed spaces. The reader is
.referred to thesé sources for the case‘of a body té.an in-
finite atmosphére and for'a coﬁplete 1ist of pertinent
references f§r thi;'situaéionh

~Nétural coﬁvééﬁion heét transfer within enciosures
will be the geneial'topic covered,‘and specific,;ttentipn
wili_bergith to nétural'convectiqn from Eodies éo a fi—-
hite enclosuré.r“In:praerAt;.accomélish thiSj fﬁe'introf
duction of ;om; ferminology.at fhis point might be helpful.
‘ihe stud? of the hatﬁgal éonvgcfioh,process in?divéé-both.
fluid:mecﬁéniﬁs:énd-héatrtrahsfé;‘éongideiétions.i:ThiSyg
fact'dicta£éé t#aﬁian&fcharaétériéfid pé;ameteisfwhichﬁ
:desc:ihe:tﬂenéheﬁoméhé wili bé'dérivéé from alcqﬁbihétion
yéf,éhgse:d;scipiihgsk The'1ite%a£urefoh.natﬁr;i_cénvectibﬁ"
'genérally aé;eés tﬁat-tbe:foiidwiﬁg digéﬁsiohie§; éroﬁps:

‘characterize the phenomena for fihite .enclosures: .
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BATa
Ner © L‘_—i—_g‘ ! (2.1)
a .o
C,u
P
Ner = % ¢ (2.2)
a ' .
ND = 5 (2.3)

where "a" and "b" are characteristic dimensions, AT is a

suitably defined temperature difference, NGR is called the
‘ a

Grashof number based on "a", NPR is the Prandtl number,
and ND is a dimensionless ratio of the characteristic di-

mensions. An additional dimensionless group, the Rayleigh

number, N

RA’ is often used in place. of the Grashof number

and is the product of the Prandtl and Grashof numbers:

3
_ _ gBa AT
Nra ¥pr * Ngr. au :
a a

(2.4)

When considering natural convection heat transfer
within enclosures, the literature, in.general, states
that the heat transfer taking.place can be détermined in
functional notation as

N1 0 (2.5)

N = ¢ [N NPR( N )

NU GR.'
a a




where _ . . -
N = ha/k . , (2.6)

NU
This type of functional relationship can-easily be verified
from an examination of the governing equations and the ap-
"propriate boundary conditions.
~Jakob [3] and Gréber, Erk, and Grigull [4] indicate

that . this functional relationship can take the final form

E—3 n. .
NNU C [NGR NPR]_ . ) (2.7)

for natural conyegtioh from‘g body to an infinite étmps-
'pheré aﬁd for,éither'iamigér 9¥”turbﬁlent flow. fIn'this
expréssioﬁ and. all subseéuent.expressions, the Nusselt.
'numbér has thé-éaﬁe charactefiétie dimenéion aé the érashof
or R%fleigh‘ﬁuﬁber appearing in the exprgssion.h Thé%efqrg,
the:spbséripﬁidn Nusselt number will be déLétéd.in éubsé-
quenﬁ expres;igns;%2;75,is indicaﬁive.of_né explicit de=-
penaence‘of ;hé c§rrélati6n on tHe,aspéct‘ratio. Hg?e;'j
faspécﬁ“ratiq‘ﬁpﬁla be defined aé'ﬁhe.iafié of charaéteris-
.fié‘aimeﬁsion;:' Further; Jakob [3] and Grober; Erk, and
:Géléull [4j deflne a pseudothermal conduct1v1ty, keff’
’flrst postulated by Beckman [3], which when comblned in a

'-ratio,with”the\thermal conductivity_of ‘the fluid.for pure
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'conduction, dgscribés the relative increase of heat trans-

fer dqe to convection. The k term may ‘be described

o eff
physically as the thermal conductivity necessary to conduct
the same amounﬁ of_heat as actually transferred by convec-
tion and conduction combinea. Therxrefore, it is immediatelj-
seen that keff/k‘hashé 1ower;limit of l.'lThe same dimen-
sionless variables and the séme'functionél relationships

associated with Nusselt number hold for keff/k and take the

functional form:

eff
k

HORIZONTAL~-VERTICAL-RECTANGULAR ENCLOéURES -

Now consider natural convection heat transfer between

_horiZontal and vertical enclosures. Jakob'[B] giveé-ex-

f1pressipné,f6£gheat transfer based onithe'data'bflMull'and;?,~”

Réihér whichffox horizonfaliéir_layers reddcedffrom'the

form.qf‘thengquétion:(2;6) to;j;*~

<4 x 100 4, (2.9)
L e |

S 1/4 . L. 4
GR_ | fox 10 < Ngp

= 0.195 N

"
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- . . ]
eff ’ 1/3 5
m = 0,068 NGRL, for NGR > 4 x 10 R

(2.10)

For air contained between vertical plates, Jakob‘[3] gives

the following-equations:

k . -1/9 .
eff : 1/4 |[H 4 5
= 0. = : < .
M 0.18 NGR (L for 2 x 10°% NGR <2 x 10 ;
L L :
H
and 10.6 < T < 42.2 (2.11)
k -1/9 . .
eff 1/3 |H .5 ) 6
" = O.O65»NGR I . fqr 2 x 10 < NGR < ;1 x 10
. I . L
and 10.6 < = < 42.2 .. (2.12)

' Here;‘H is the height'ef the'plates'and'i is_the distance
between.themf ‘$hese expressious:fer both.horizontal.and
verticai'enelesures were much_siméler thau:those-ef1Muil
'and”Reiher; | H
Globe‘and Dropkin [5} used mercury, uater, and sili-
coue flulds-ln studylng heat transfer in 11qu1ds couflned
between horlzontal plates heatedffromibelow. tThe‘work
‘covered large ranges of Prandtl number, Q;QZ to é?SO, and
:rRaylelgh number, 1. 51(10)- to.ﬁiZG(;O) . Tuef arrired at

:the follow1ng correlatlon-v;;ﬂuﬂ

r 7’




12

- 1/3 . . 0.074
Ngy = 0.069 (M) (N, ) ]

(2.13)
Here all properties are evaluated at the arithmetic méan
_temperature of the two plates, and Nusselt and Rayleigh
number are based en the distance between the plates. An
extension of-this work was carried:out by Dropkin and
Somerscalee [6]; They studied the heat transfer between
parallel piates at various angies ofiinclination with‘the
horizontal for the same ‘fluids as Globe-and Drepkin.' Their
findings were in agreement wiuh these ef Globe and Dropkin -
-[5]. Thef had ;he‘eame form of equation.including'expo-
nents on the Rayleién ana-Prandtl numbere. The constant in
‘front of the'equauion aid; heweuer;-uarQ as a function of:

. the angle‘of inclination”from‘0'069 for.é = 0° to 0. 049

;for g = 90°; ‘"The Prandtl number range was 0. 02 to ll 560 _

and the Raylelgh number range was 5 ‘X 10 “to 7 17 x lO
:whlch represents sonewhat of" an extens1on‘to the" prev1ous
. 1nvest1gat10n [5] .Landlsn[G]{;an:commennlnglonguhe-ln->.
‘vestlgatren\of qupkin‘ana*SomnerSCalee'IGJ}:etaued-that‘
'jtheir reeuius‘inAiCarethercorreetnees‘of‘uhe conclusion

:”.that fdr”naturalfcenvection-flowe‘in enelbeures,‘Nusselt~

number correlatlons are partlcularly 1nsenszt1ve to geome- .

try{ boun&ary-condltlone,,and_flOW~reg1mes.i Eckert and -

FEN
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ACarlson‘[7]gtilized a Mach-Zender interferometer to in-
vestigate the'flow and temperature profiles in a lépq ver-
tical fectangular duct” for air. The‘heat transfer coeffi-
cients were then evaluated on the basis of the temperatures
obtained. Fof the boundarxy layer regibn, they propose the
following expreésion for an average Nusselt number based

on the height of the plate:

= , 0.3 - _ R
Nyg = 0-119 (Ng) ™% - o (2.14)

They further proposed another correlation based on the
distance between the plates. fThis_expression is

-E O.]?

0.3
- {\H

‘f NNﬁ = 0.119.(NGR) . ,", ‘ (2f15)

'Batéhélor-[s] carried out an.analyticél'golufion for
fhe problém.of v¢r£i§al wall;; 'He'was ablé t0“prediq£:
_tempe;a£ureﬁaﬁd,jelocity brofiles:ana, from.these data, 
evaluate'a;ﬁussel£ nqmber; ~This wqfk'hés Been qualitééive-
“ly veriéiédlb?-EckertAaha C;?lsoniti]?;nd brdduged the
féllowinéne#éregéion for ghé:ﬂéaﬁi£¥dnsfer foilsmallit6 
:ﬁodera£e,?ay1eig£'numbe;;.baséa on:aispaﬁcg between plates: '

. :L .
. . = — +
NNU,- D .

M2y =1} L4
= = . . <.
a £9f-NRA' ,3”x110

720 | "R

-;:(2}16).

.3where;yiis'a'COnstént usuélly_taken.to be 1. For large a
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values of Rayleigh number,

a 3/4 .
_ 1/4 |1
NNU = 0.43 NRAL D) . ‘ (2.1_7?

" Batchelor also set up the mafhematicalvmechanism by which
subsequent analytical attemptg to sqlﬁe the éoverhing equa- 
tions and associated boundary'cdnditions for other_géome—
tries were made. |
PooFshf9] applied numéfical fechniéues to the probleﬁ

of vertical-wallsswith conducting connecting strips% His
findings were in good agreement wiﬁﬂ both those of Jak§b'

[3] and Batchelér [é]. He found the heat transfer to beA

determined by

1 +5.08 x 107 ° N %or N < 10> ,  (2.18)

N =
NU: RAL ’ RA L
and - . , o .
. - 0 174, - S 4
NNUv— O‘lG‘NGR for.N_RA ~ ;Q . i o (2.19)
U : L o RA L .
He also'hypothesized.that the expression:for NRA ~n 104

would probably'hold‘fdr larger values of Rayleigh number.

;This'was'demonstratgd'by Jakob '[3] who gives

: C 3 - -8/9 : L R

o : - . 1/4HY. R 4 .5
' = V. =1 : < < 2 x 10
NNU . 0 ls}FGRI‘ 7 B :fo? 2 x 10 < N L .

GRL

(2.20)
. ‘which is esséntially the same expression except for the

i
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aspect ratio term.

Wilkes and Chu;cﬁill [10] applied numerical technigues
‘to a lohg rectangular channel with air as the enclosed
fluid. Their results agréed well with those of Poots [91
but-tﬁere was a discrepancy_between the results and the
equétion reported by Jakéb-[B] and_given Previously. Their
data [10] varied from 0 to 70% in excess.of the valﬁes.pre-
dicted by equation (2.20). ‘The variation was attributgd
fo the range of (H/L) uséd in deter@ining_equation (2.20)
being considérably beyond the range of (H/L)‘used for‘thg-
numeriéal solﬁtion;

Anothei’numericalusoiuti§n to fﬁe'governing eéuatiépé
for closed Veiticai Wallé is that of ﬁewéll and Schmidt
fll]. They found théir résults_to bé in gdpa agreement
with existin§ expe;imenﬁa; data. and gévé fhelfollpwing

" relationships for heat‘transferzl

: . 0.397 gy _ .. . AU
NNU = Q.Q547 $GRL B .for ol = 1 I (?.21)
: L L =.265 S
- 0.315 |[w =
=.0, S B - S < =l 20
‘NNU. 9-155'NGRL T for 2.5 —(L)— 20 . .

S (2.22) .
Their. range of Grashof numbexr was:4 x 10  to 1.4 x 10 .
Elder [12, 137 perfofmédtboth“experimental-and numer-

_:ical:investigations of this problem. '’ He 'did not,. as did
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Eckexrt and Ca?lson, determine any Nusselt number rela;
tionships from hi§ dat%. He did, however, check his numer-
ical solution against both his>experimental data and the

data of Eckert and Carlson [7] for validity and found the

numerical predictions to be comparable to the ‘experimental~-. .

ly determined values. On the basis of his experimental
stpdy,_he described various types of flow and temperature
" fields which are.generallynin-agreement“with those of

othex investigators.
'CONCENTRIC CYi.INbRICAL ANNULTI .

'Naﬁuﬁél conVeétion.heat~transfer ih conéentfic cylin;'
‘drical annﬁli.hés-reqeived considerable éttentiéﬁ_;n~re—
dent'yearg; Thiglggqmetry hééﬂbeen.investigated.for a .
wide rangéNéf'fluids, Grashof-numﬁers} and ai;mé;er'rafios.
1 It:héé Bééﬁ_invgétig#ted analygiCaliy,-numgricéiiy, gnd‘

‘éxéefiﬁeﬁﬁéily. | V ' | |
ﬁegkm;ﬁl[3] invés?igaté&“this'cénfiguration‘ih_;éél l
‘for aif;lhédrbgenf and -carbon diokidg-a§ the anlq#ed: |
fluids'fq%jdiameger.ratios (b;/#i) 6f i;Z'to S;iullHis
.Grashof“hﬁﬁée;;fange was 64Q:Eo.1.5:x'107. ﬁe posﬁulate§ .
‘}éh éﬁfédti&eH£ﬁerﬁal:con§u6ti;ity'és,awébrféiafiqgfimplé-lz

" ment and, utilizing dimensional. analysis in ‘conjunction
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with-physical arguments, arrived at the functional re-

lationship
D .
eff _ . o)
k B (D[NGR' Npg? D, . ‘ _ (2.23)

krauSsold‘[3] in 1934 extended Beckman's'data utiliz-
-ing water and two kinds of oil. - His experiments were car-
ried out for di#metér ratios, (Do/bii,‘of 1.2 to 3.0-and
Prandtl numbeié'from 7 to 4000. He uéed fhe:gap thickness,
L ='(Do; Di)/2, as the charééteristic length and arxived

at the following expressions for heat transfer:

o 3 A
= S 2.24
kegg T 1 FOF Npg < 100 v o o (224
S . 0.29 : 3 6
kogg = 0.11 N, ""77 for 6.4 x 107 < N, < 10" ,(2.25)
. . L : . L. L
" 0,20 e o g o :
' = 0. o C - e 2.26
Koge = 0:40 Ny, %0 for 107 < N, < 10 P (2.26)

SR L

:Liﬁ, Muelléf,:and_Landié [l4]néerform§d an ekpgrimént—,'~?
.jal iﬁves#igatioﬁgvitﬂ:five.seﬁs of-béﬁﬁentric?tubes:coq—l
,1taini£§;air,'water,;6% one of tWézéilicone f;uids to -ob- -
tain”é”ﬁrandtl qumbgr';angexof 0'7,téf3é72' It_wés{égéin
:fouﬁdgﬁh;t‘the #éé#itranéfer couiq?béhcorreldted'inﬂterms:

‘f.of,kéég/ku'-fhe resulting expressions were -
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N 2 0.278

Koeg . PR ~GR

% = 0,135 1.36+NP ' (2.27)
where N 2N

PR GR 1,

3.5 < log T 367N < 8,0 for 0.25 < B; < 3.25
and’ 2

K e “er Yer

T = 1.0 for log mp—; < 3.0 . (2.28)

They also'compared their data with those of Beckman and
Kraussold; Beckman's data were considerably higher than
values predicted by their corrélation. This was attributed
to Beckman's failuré to end insulafe his apparatus.
Kraussold's dgta} however, followed the general frend af
the correlatiog but; on the average, was about 10% be low
the predicted va;ues. |

"An expérimental inves;igation relative to simple and
;obstructéd annyli wés performed by Lis [iS]. His'work
- covered a Rayleigh numbér rangé of 4 x‘il().4 to 4.7 x 1010'
for diameter'ratios-from'z.o to 4.0, with'Pigndtl number
varying f;oﬁ O.645 to 1.32, Hevfound the relation given
on the following page.to'correiéte.his déta Within +12%.

- The correlating expression for. simple annuli is -




1o

[k : 3
log_( Eff = 0.0794 + 0.625 log X + 0.0154 (log 2
(2.29)
D.i 6.5 i
where g = NRA [1 - B;J and-NRA.lS based -on the in-

ner diameter. His data showed considerabie discrepancy
from_the predietigns of Kraussold.‘ This was attributed to
the possibility that the use of the gap thickness in eval-
uating'Rayleiéh number did not entirelf compensate for all -
the geometrical‘effecte as suggested by Kraussold.
‘Another.stud§,'carried eut at'eseentia;ly‘the eane.
time,'ﬁas that of Grigull,and'Hauff[l6].- They used a Maeh—
Zender~interferometer to .make tbeir.measurementsr. Therr

experimental‘data covered.a Grashof number, NGR + range
; o L

from 320 to 716 000 at a Prandtl number of approx1mately
0.7 (alr). The'follow1ng equatlonzwas presented for‘the‘

mean Nusselt number:

" M. = [0.2-+ 0.145 (n/D,)] N 0+23g70-02(2/Dy)
COnu o T : o i1 Ner - :
A T T A
. f£or 30,000 < N, '< 716,000 ",
: o Ry . .
. and 0.55 <'L/D. < 2.65 . . . .- (2.30)

Thelr data were approx1mately 20% hlgher than the correla-

tlon of Llu, Mueller and Landls [14], but dld agree w1th
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those of Beckman and the predictions of Crawford and

‘Lemlich [19].

| Bishop [17],. in a critiqpe of the'paper by Grigull
and ﬁauf, utilized keff/k to obtain a simplé correlating
expressibn(

eff _ o 163 (n. )0-2578

L

5

.

for 5 x 10°< N__ <7.16 x 10
A * = Ver =

and 0.32 < L/D, < 2.65 , . (2.31)

which correlated ﬁheir data to -7.42% tb +i0.2%. This‘;epf
,ré;enﬁed an extension in the rénge of applicable Grashbf_~
‘number aha.gap thickness to inner diame£e¥ ratio wifh:the
" additional adVantége'of it; being'a-simpler“expression.

An énélyfic;l investigatiép fo% gcncépfric-éyiinders'
'Qas carfied:out by>Mack and Eiéhop [is],‘ Tﬁey utiiiged the
ftechﬁique set forth by’Batchel§¥ [8].and egpandéd the
éfream fﬁnégién ana temperaturé:iﬁ iﬁfiﬁiﬁe ée;iés 6f,powe1:

ers of the Rayleigh number. ?ﬁey obtained the first. three’

| I R Jo— L

' terms of the series for both the_sﬁréam‘function and tem=- .-

perature...The solution, however, involves a large number
‘;df-constants.which must be determined sequentially. Utili-
.zing the temperatufe and stream fﬁncﬁion'solutions, they "

déﬁermined‘iocal,an& overall,heat.fraﬁsfer;in terms of
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appropriate Nusselt numbers. Due to the fact that only the
‘first three terns for both stream function and the temper-
ature were obtained, the solution is necessarily limited
to low values of Rayleigh number. |

' Numericalnmethods have also.been applied to this prob-
lem.by three investigators, [l9],_[éd1;-and [21]. crawford
and Lemlich [19] utilized finite difterence techniques'in
conjunction'with:a'Gauss-Seidel iterative procedure to ef-:
fect a solution to‘the cohcentric oylindrical case, They
calculated both ;ocal and overall.heat transfer effects
through evaluation of the local and”oyerall Nusselt nunbera
Comparison/of their data was made wrth thQéeof‘Liu,-ﬁueller,
‘and Landis [14] and thoseof Beckman [3] The agreement'was
fa1r for the data of Liu, EE ii,,and w1th1n the scatter of .
theiexperimental data.on'which their correlations are-
'based._ ?he comparison with_Bechman_as much better;_jfhere-
'fore) onantitative as-weil'as.qualitative credihdlity has -
"been establishedeor:this numericai}modei,tf- |

Abbott'[éojﬁalsohcarried'out‘a;nnﬁerioai:solution to

this problem ntiiizino iterative teohniques‘reqnirihg:ma—_
.trlr 1nver51ons and multlplloatlon,and hlS results compared"
'iqulte well W1th the work of Crawford‘and Lemllch [19] xThe*

: matrlx method was found to converge faster than the flnlte
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difference technique for NGR (L/ri)3 less than 6 x 105 to
L

6 s s s
2 x 10", No definite value of the limit was established.
The latest numerical solution to this problem is that
of Powe, Carley, and Carruth [21]. Their work is for air

(

NPR & 0.7) and utilizes finite difference techniques to
obtain a solution. The main concern of the effort was to
numerically predict values of velocity, temperature, stream
function, and Nusselt number near Rayleigh numbers where
the flow will go from a steady condition into an unsteady
condition for a wide ranée of inverse relative gap width
-n, (2.8 - 12.5). The existence of an unsteady condition
was quite well documented, [14], [16], [17], [22], and
[23]. The existing experimental data had been correlated
to provide some insight to conditions for onset of the.un-'
steady condition, but' the data were'sparse enough so that-
a well defined curve was not péésible.

Powe, Carley, and Carruth [21] compared their ﬁesulfé
with the existing data and Qere'reasonably-successful in
their attempts. They observed-that the onset or existence
of‘an ﬁnsteady condition did‘not noticeablylaffect the
Nusgelt number for any of the inverse relétive gap widths
considered._'Temperature and veiocity profiles'were.affect—

ed in accordance with the inverse relative gap thickness,
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i.e., for 1éxger inverse relative gap wiaths, there was
a pronqﬁncéd increase in the ﬁagnitudg of the velocity
compénehts:and a ais£ortion in the temperature profile wés‘
also noted~for Rayleigh numbers above thg vélue where the

unsteady condition occurs.
CONCENTRIC SPHERICAL ANNULI

Heat. Transfer

Until 1964, no experimental data existed for. concen-
tric spherical annuli. Since that time five investigations
have been pérried_out [24], {251, [261, [27], ana [2].

The first invesfigation was carried out by Bishop [24]

4

for'_air'(NPR h 0;5) apé a.G;as?of nupbe? range of 2 x lq
to:3.6.# 166. Four inner'sphergs were:utilizéd to pro?ide'
‘aiameter r;tios 6£A1.25,:I.67,:5L00; éﬁd‘z.so.t Féur éep-
araﬁe corréiatiops were deferminéa:—— bge fqr‘each_gépni
fhickneés:#o inpér'diameter_rétié. fhese:correlations ére-
all based:5n'gap-£hicknesé-as.£he éhafacteristié-dimensiqn'
'énd aref' .

S ‘ 0.217.
Nyy = 0662 (v )

LB - 6
, : < .
fo? 2 x 19 i.NGR-— 3.6 x 10 .

and £ =.0.750.; - . . (2.32)
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0.291 5

NNU = 0.1714 (NGR) for 3.8 g 107 < NGR < 2 x 10 R
L
and > = 0.500 ; (2.33)
o 0.348 5 : 6
Ngy = 0.068 (N_.) for 2.3 x 107¢ Ngp < 1 x 107
and % = 0.333 ; (2.34)
_ 0.235 4 : - 5"
NNU = 0.205 (NGR) fo; 2 x 10 < NGR < 1.2 g;lO ’
. L _ | .
and Y = 0.125 . . (2.35)

All properties in these and all subsequehtly appearing
equationé are evaluated at a volume_weigﬁted mean temper-

ature defined as

_ 3 -3 3 3. 3 3
Tvm'—, [’(ravg ,- i ?Ti +"-(ro-~ﬂ‘.ravg )To]/(ro ri )

(2.36)
These.gorrelafions-fit'the data vefy well with the lafgest
deviation'beiﬁg 8.2% -and fhe'average,beiﬁg_apprdximafély
5%. He also.determined a'éingle'cérfelation equationjn
_ .10.508 e 1-129(L/Dy)

(NGR)‘

U 5.25(L/D,)
Nyg = 0-0122 ¢ it ’

for 0.333 < L/D, £ 0.750

6,

' and 2 x 10° <N £.3.6°x 10° . (2.37)

‘This expressionigqrrélates:allfhis:aata yithin the. range
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of'deviatione -9.3% to 7.7%...This correlating equation,
while'yieldihg yery acceptable results well'within'the
range of anticipated experimehtal accuracy, is quite for-
hidable in its appearance. . iherefore, a more attractive
rorm was attempted: |

c
N =-a (N )b

NU CR . (2.38)

L
D

The expression of this form obtained was

_ e ,0.27 0.52
Neg = 0-332 (NGRL) '(L/Di) .

'for 0.333 < (L/D,) < 0.750
- 5 ' ’ 6 .
-and 2 x 10 i~NGR < 3.6 x 10 . (2.39)
His data deviated'from‘this expression by—-12.7%'to'+l4.6%.
The use of an equation with fewer empirical constants is
" quite desirable and a very aecepted’practice:wheh theyloes
. in accuracy is seen to be small
BlShOp, Mack, .and’ Scanlan [25] utlllzed the work of
" Bishop [24] to attempt a dlfferent correlatlng technlque.
They deflned -an effectlve thermal conduct1v1ty, as sug=-:
‘gested by Beckman [3], by means’ of the expre551on3
keff ; qnet.'L \lf'-".'. ; N (2240y A
'k 41k AT xr. T - - S ' : -
-‘J.O
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/k can be written in terms of

and further showed that k
. eff

Nusselt number based on L as

L Kess ___ Myy o .
. " . .
k- (1 + i ) NU - ' (2.41)
i

Then a correlation of the form

b : \ (2.42)
NU* R ' .

N = a (NG )
was attempted. This type of equation has been seen in
many previous discussions and indeed is sometimes quite

'successful as a correlation means. - The resulting equation

was

N_, =.0.106 (N 0.276

NU* er ) for 0.25 < =— ‘< 1.50 .,

L R &

and 2 x 104 <N < 3.6 x 106 R (2.43)

l@ith alygngglof‘deviatién ;f.—13;4%fto:1575%;',Thié egué—
“tion p;esents_a éignificént simplifiéaﬁioh over the pré-
“vious one-given by Bishop,{?#]. 'xfjl .

| An éngl?;ibal sélution-tb tﬁézp%oblém w;é_carriéd §ut
bsza£E5éﬂd‘Hardée [l}::inzmﬁph théisﬁﬁe'ﬁaﬁhérfés‘fhat'éf'
‘Mack.‘and Bisﬁoéf[ls] for cbncéﬁf;iéléylinders; ?hey.téok,:
'i;he'cﬁrl of fhe:Navier-Stokés;equatioﬁs,'which_élimiqates-

. the pressu;e tefmé, and then' introduced ‘the. stream function.
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immediately satisfying the continuity equation.i This left
them with tw0'eqﬁations to be sqlved, the vorticity equa-
tion and the energy equétion, both in terms of .stream
funqtion ahd-tempéréture. The'stream function and the
temperature, the dependent variables, were expanded in an
infinite,sefies of Rayleigh numbers‘and the first three
terms for both. the stream function ekpansion and the temper-
ature expansion-were.obtaingdj along,with a large.number
.of consfants té'be‘detérmined sequentially.

‘Due to the £§é£ thét:on;y the first few,hgrmS'were
6btained, the solgtion i§ necessarily limited ﬁo‘low'values
qf RaYleigﬂ numbé;i Their highest v;lue of Rayleigh numbgr
was consiaerably.below theuioweéf vélue obtained exéeri-
mentally’ﬁy Bisho?, et al [25].: EvenAthough direct éom-
parison with éxperiméntalidata wéé not pqssible,‘it was
deterﬁinedzthgﬁ thé predicti%é fféndé'were iﬁ the right:
'direction{and therefore,.éﬁaIifatiyely, the model is cor-
rect. To_éxteﬁd thefappiiéagle ﬁ;yléigh'numbér-réngé,}jf

" .more terms of the series.must be obtaiﬁed,and obtaining

"-‘more'termsfof fhé'sefies preééhté'quité-a laborious task.‘

Theimbst recent stuﬁy is.tﬁat of'Scanlani Bishop, and .
" .Powe [2];_-Théj éxtéﬁdedfthéiexisting'data'of*Biéhop [24], 5
&20w7),_to;include;Prandtl_numbers’up fp‘app:oximétely'

. ‘(NPR
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4148 by using water and two silicone fluids. The appli-

cable range of Rayleigh number based on L was 1.3 x 103

8

to 5.8 x 10° with diameter ratios ranging from 1.09 to

2.81, They obtained a k /k vérsus Rayleigh number cor-

eff
‘relation for each'fluid,‘including air from Bishop‘s'data,
and then one for all four fluids combined. Utilizing

keff/k as previously defined by Bishop, Mack and Scanlaﬁ-

[25], the éorrelationtequations determined were

k

. : A- . X . 6
eff ~0.117 v - 9°2%7% g0y 1.4 x 10%< N__ < 2.5 x 10°,
X “ra s RA. = -

L - L .
.aéq‘NPR = 0.7, T . (2.44)
k £F B 6 328‘ : g : . g
S = 0.033 N__ ¢ for 2.4 x 10°< N__. <.5.4 % 10°,
Xk > Npa & x RA ‘
. L - L L. . -
4. <1201, - .45)
;n§.4 7f< NPR <.12 1 ‘, ] | ) (% ?
keff"' 0.353 : Y S 7
= . -t ' ’ < : .

T = 0.03L.N., e :??f‘?74.*,?9”:.NRAL< 9‘7.x.10‘ ,
: <N %336 %, o (2.46
and 148.<_NPR : 3%6“,_| S }_(2 J )

- Kegps " 0.330 .- o3 I 6
—-=-0,056" N: N for 1.3 x 107< N < 5.6 x 10~ ,
Kk~ ' RA . T - TRA_ . .

Cand 19541 < N o <4148 . 0 (2.47)




29
The edua;ion that.was determiﬁed'for éll fluids is based
on a mbdifieq Rayleigﬂ number which is the usual Rayleigh
number multip;ied py ﬁ/ri; The eqﬁétion given is

_ . 0.226 ) 2 9
= = 0.228_N for 1.2 xk10 < NRA* < 1.1 x 10‘

RA*

and 0.7~<‘NPR < 4148 . (2.48)

These equations will therefore form the basis of com-

parison for the concentric and eccentric data.

Temperature Profiles . : ‘ o

The-discussidn of the tempe:atﬁre profiles that exist
withi#‘an enclosﬁre-duriﬁg the'process of néﬁural convec-
tion.ﬁili be limited in this sectién‘to those occurring -
Qithih céncentriélsph;rical annuli; TTempéiaéurefpiofiles
foi ;ﬂi; ¢ohfigu;ation have been obtéinea botﬁ analytically
and expérimentélly by ‘a number of iqvesfiggtofs; [24];,;25],
'[2],};nd[i].: Thé'exéeﬁimeﬁtal;y.a;téfminéd profilés [24]_
' havéfbee@ utiliéed to check théjya;iaity.of:the'analyticai
hédéiixéherebQ.éstablishing the crgdibilityvof thé:prdposea
_deeirtl]f étl;éasttéﬁaiitafively;‘ﬁfi“'t‘- ) o
';The'firstgfémbefaﬁﬁré prdfiles:for:the éoﬁcentfic
-Gséhérieglicégéﬁﬁéég mé%su?ed-by ﬁis£6p1[24] ﬁﬁili;i#é.air

as his’ test fluid. The' temperature profiles were obtained

| S .
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for selected teﬁperature différéhces and anguiar positions
f&; each of five diameter ratios. He found fhat all of the
teﬁperature profilés Were-quite similar in form excepf for
the smallést L/r; value whose temperature préfiles were
similar in form,but the ordering of the brofiles was dif-
ferent. This fact was further emphasized when he e%amined
the effect-oflimPressed temperature difference on the tem-
perature profilé_:for three angular positions, 0°, 80°,
120°, The temﬁerafure profiles f;r these angula:-positions
werg fouﬁd to be essentiélly independent -of tﬂe'impressed.
‘temperature difference for any'given diaﬁeter'raﬁio.
Bishop.plotted his data in t;rms of dimensipnless fadius

.and-temperature ratios which were defined as

i o - S L
r -x, . - °nd T,- T .. R 3 ¢ ) -

‘All températufe profiles‘exhiﬁitéduthe saﬁe charactgristics'
and éould be diyided into five separate;regions}:}) a very
steep:drop'at the inner wail;,é) algéntiy cﬁrvéd inner
séherg gfépsitibﬁ'regioh, 3) a]regioh of no@iﬁél:éiopé,:

4) a'éently’cﬁryed outer sphéré-transifionfreéioﬁé and
:5)/5 &eryﬂéfé;é'drdp g; Fhevoﬁt;r.wa;l.Z-Tﬁe¥s£e§p3dfop§“ag
}fhe.innéi.;hﬁ bdte;twalls éfé a££;i5ﬁ£€ble to ££é hiéh'

rate of radial heat  transmission, --This condition is cer-
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téinly due~£o the high velocities in the neighborhood of
"the walls. The transition ?egions are the physical join-
ing of these steep drop areas to the low velocity central
region. The central core would then‘be exéected to have
a shallow slope dgé to the low ﬁelociéy.

" These same general observations were_ﬁade by Bishop,
Mack, and Scanlan [25] for air'as the test fluid. ' They
describe five regions for temperatﬁre profile. They noted
that the region immediately adjacgpt to fhé inner éphefé
hag a much higﬁei'temperature gradient ﬁhan QOes the ;e;
..gion-adjacent tﬁithe outer sphere. One ;easbn offered for
thislis that-fhe veloéity immediatély adjgcent.to.thg_in—
ner.sphere is.much'greatef than fhe-veiécity at the.outér
sphere; |

It was ai;o-naﬁéa that for. a gap to‘radiug ratio,
‘L/ri)tof 0.25 the ;empgrafure b;qfileé-did«béhave ip'a
like manner to tﬁosé justidescribéd buf‘fhe_profilgs were
pfdé;ed differenflyﬂ ”The'behgvior'of.thééé“temperafurg
'préfiies couid.not be>expiaiﬁed:iﬁ:te£ﬁs‘qf~viéua11§fob—:_

- éervea'flow patterné for 'values . of L/ri of'b.l9 and 0.37.

W I R R S—"

‘This fact led to the poétulation-of a bicellular flow . pat--.

fern in an effort to explain these anomalieé'in the tem- .

péfature-profilé”aséqciated with'this;casé. .'The bicellular
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hypothesis was later re-evaluated to possibly be:a multi=
éellular flow condition by Scanlan, Bishop, and'Powe [2].
They . combined the,preﬁious work of Bishop [24] with .their
results for water-and two silicone fluids, Their results
'indicated the existence of a temperature inversion for a
variety of test conditioﬁs. The inversion was attributed
to the hig# rate of angular copvectionlof heat relative to
radial transport;'a.cdnaition quite-possible at moderate to
‘high temperature differences. Diameﬁef ratiqs that weré
different i# magqitude to,any'preﬁiously used were utilized,
thereby expanding-the range panpéiicable diameter ratioi
The multicellular structure was hypothesized reiative to
.the smalleét éap'to rédiu§ r;fib(-(i/ri %40.09)% A large'
T‘céll egfending ffom the'loﬁer vertical axigtto the-upper’
regidn.offthe_annulﬁs and an Arbitrary?odd numbér,df'smal— 
Cler ceils.filiingathe'remainder.of the.aﬁnulus_wére’postu—.
‘lated.T;It.was furtﬁef notiéed thétuthe si#e:of‘thé Lgrgé
._ﬁelliappagently.décréaseé~in mégnitudé:With iﬂcreasingf
'3”P;andtl,nﬁmﬁér.-:. R *
| 'Mack §nd Haraéé.t;]:éisé'deterﬁined:témpérafure pfé—,
fileé uSiné thgirfaﬁalytiéal modél Whicﬁ has.preViously
béen 4i%cﬁséedi 'ihéy éttémptéd to.eémpafe.their reéuits
;Qi;hitﬁé‘éiéériméntal'rééuits;of Bi$hop!'Sg:ii'LzS].iﬁA

e
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dire;t comparison.cduld.not bé.madé due to a difference in
'Rayleigh number for each study. The»highest.Rayleigh ﬁum—
ber'férjwhich the expression was‘aqalytically valid was
"well below the lowest Rayleigh nuﬁber exéerimentally ob-
tained [25]. Howeye;, general trendé‘were noted and com=-
pared; It was detérﬁined that the same ordering of tﬁe
profiles relati&e to angular positiqh was obtained. The
large’drops at'both walls were not-duélicated which‘éould
be,dué to the différence'in Rayleigh numbers compargd; The
analytical model does, however,'repfbdﬁce general trends
obsééved experiﬁentally, and therééote, the model can be
,said:to have.quélitative éubstantiation. As yet no ex-
ypefiméntal dafa'a;e-gvailablé at l5Wi;nbpgh Rayieiéh num-
bers t§ effect“é ai;ect éoﬁpariéoH.Aff

The prééedipé diséuss;on on the‘avaiiébleiliterature
pointé qut‘the‘léck:ofndata for.ﬁ%tﬁfal cénvection heat‘
ﬁrangfeffbetweén é>body ;nd'its‘fihiéé enélésure;v Thempur—
éogévaf"the-éurrént_stuEQ'was to'éxpétiﬁentallflobtain ;q-

o e _ S . S .
‘ditiéﬁa}.informaﬁioﬁ"coyeriné naturd%sconvéction heati_
trénéfer‘betweeﬁ-anfeccentricaiiy ibééted séﬂere;and'é
concégfriééliysléqéteé'ciiindérléﬂdlfhéii'spherical éh-
jciogg;e;'aﬁdité'déférﬁin;iﬁheiﬁéﬁéeraturé,diétributions.

"thatféﬂist asfa;result.pfwfhe'ihdﬁéea tgmperatﬁre'differ—'
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ence within these two configurations.




CHAPTER III

EXPERIMENTAL APPARATUS AND PROCEDURE

EXPERIMENTAL APPARATUS

The heat transfer apparatus, Figu?e‘3.l, consisted of
'éither épherical or eylindrical inner bodies,'an enclosing
sphere, and a Spherical‘water jacketi4~T£e spherical inner
" bodies combined with-the'enélgsing’sphere to yield wvalues
. for L/ri (rélative gap thickness) of 0.09,“0.40,.0.79_aﬁd
1.18 with innef'spheres of 9IdO, 7.00, 5.50, and 4.56,inch.
‘diameters respéctively. The:cylindricaiiinner bodies had
‘dimensioné_as:shown.in,Téblé:3.l. The a$pedt ratio wa§
defiﬁed as'the-ratiq,'of'cyiiﬁd;ical ieng£h to,diametér}”
CAll of-the-innér bqaies were{fabficated'frqm poppef with
ran approximate thicknessfof O;Oéslinéhe;f“ Thé.éﬂclosiﬁg
'sphere'was fabficated‘frbm-d}lzs inéh‘sgéihlgss.steei 
.hémispherés'wi£h aﬁ innér:diémetér of‘g;éés inches.
Tﬁe.iﬁﬁer—bodieé.weié guéported:in #he'oute; sphéré.by.
 § stainié%s éteeijstem O:SQ}inches in di;metér apd:haviﬁg
a ﬁa11 £hiégné;gu6fmgiO65 igéhés.  Th§ étem was:iﬁsulétedi'
 on its.iéﬁerél-;ﬁ;f;cé.J:Thg;steﬁ,'ighédéitidnifo providing
”;supporttfdr'£he séhéfe;'ségjeé és‘aléuppo£t‘for'élecffiéél

;:disk heaters and as a transfer tube for the power leads, .




Figure 3.1.
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Heat transfer apparatus.
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TABLE 3.1

DIMENSIONS OF CYLINDRICAL BODIES

DIAMETER CYLINDRICAL - OVERALL . ASPECT
D - LENGTH . . LENGTH RATIO
(IN) n 1 h
(IN) . (IN) | T,
3.50 5.50 . 9.00 1.57
2.75 6.75 0.786
4.50 4.50 9.00 1.0
2.25 6.75 0.50
'5.50 . - 3.50 | - 9.00 0.636
. 1.75 7.25 0.318
7.00 - ~2.00  .|. 9.00 | 0.286
- : 1.00 8.00 0.143
9.00 -9.38 - |- 9.38 |- 0,042’
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thermocouples, and liquid Freon-11. A constant tempera;
ture on‘the iﬂner body surfacé was achieéed by condensing
"Preon-11 vapor An'the inner surface of the inner body.
The saturation conditions of the Freon-1l1 were varied by
changing the power input levels to electrical disk heaters
contained within the boﬁy and located below the level of
the Freon-11 liquid. The level of thé freon—ll liguid .
was contrdlléd to soﬁe degree by a small Stainléss steel
-tube which acted as both a stand-pipe for véntiné during
Ffeon-ll cﬁarging'énd‘as a meéns of measﬁring pressuie
within the.;nner body. Thé actual Ereonfil leéel within
the body. could ge varied to sbme-degrée'as a functiog;df'
the émbient temperature and piessufe.wi#hih thelbady and’
. the static héad aQailable fiém the Ffébn—ll rese;&oir.>
.Figure 3.2 showg a typical a;;angement'of heateré,'thermo—"
couples,‘powef 1ééds,.etc;, wifhin theﬁséhéfe.iié:%iﬁilér_
Eaniéuration was-utilized‘éé the Eyliﬁdérs, Figuré 373.f
$hé_number ofsheaters aﬁd théir ac#uai ppsiti@n,‘howgvér,u
Qas,# function of- the size.éf ﬁhglcylinderiof sphére énajr.
#théréfdre,uspace.évailabiéiﬁifhip the.cylindgr:or.sphere.,i

.The sﬁrface'ﬁémperatuféjofAthe';nhér éphére was m9pf:
iﬁo?éd'bf-means3of thermgeb;pleé placed inlthé-éééms>ofa

"the fwo:hemispherés prior‘ﬁb,fiﬁal_assembly.:ﬁCoééeﬁ—con—f




Figure 3.2.
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Interior of inner sphere.
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Figure 3.3. Interior of inner cylinder.
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stantan thermocouples were utilized to monitpr all temper-
atures., The surface temperatures of the cylinderé ﬁere
~also monitored 5y means of'thermocouples placed in both of
the hemispherical seams ahd the.vertical seam of thélcylin;
drical section. The numberipf thermocouples within a-éy-
"linder was a’function of its size and ranged from five to
~eight in number.

The outer (enclosing) sphere consisted of two stain-
less steel hemispheies which-were‘joiﬁed £ogether by an
exterpal'flanée. ' The fléﬁgea'jbint wés seaied with.an:
O—ripg and heid.tégethngWith a flexiﬁle band to‘faqiii--
tate disassgmbly for changing of éhe inner body. Tﬁé‘
outer sbhere.Was;supportéQ withinffhe wafer jacket'bfrg.h
stéinless stéel'spacer thdh'was éttacheg by-scfews-toi
éermit ;eﬁovai f?om fhe Water jacket.

'ﬁ¢he w;tér jacket waé simi;a£~in.deéign:to“the ouﬁerﬂ
~§éheré,in that‘if Qas.fébrica#ea froﬁ.qu~stéinless Stegl,
: hemiébheres wﬁi§h'weré jsingdlfoééther wi;ﬁ:;n-externgl
fIaﬁgé énd.sealed with éngb-fingffvﬁhé ﬂeﬁiépheres were |
.i4~iﬁ;h§§_in:§iameterJ  fhé ekte?hai-fiangéé:ﬁé£e held;to-‘
ge#ﬁér by.é‘fiexibie béﬁa.tb faciiitéte éiségsembIY-;f tHé
aﬁééf%tus., iﬁeiwatef whiéhimaintainedﬁthé dgter~sphé;e at.

a constant temperature was introdﬁced to the base and -
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‘withdrawn from the top through a.manifold system; G%;: {
waterxr utilized to maintain the enclosing sphereAat a
constant temperature was contained within a closed system
which inoiuded'avreseruoir, pump, and two chillers. .
_The-inner sphere support tube paesed through the
enclosing sphererand the water jacket through O-ring seals
and was connected to a small étainleaé steelireservoir.
The reservoir allowed the,emeroence of power leads, thermo-
couples, standpipe, etc., through Conax fittings to pro—,
Vlde leak—proof 1ntegr1ty of the system.l The reservoir
also housed'the_Freonfll flll port. The reservoir rested
on a threaded lead screw thatjallowed vertrcal poaitioning
of the inner body. A stylus Qas aleo.located on:the re—-‘
serv01r as the p051tlon reference.' A scale'waé‘iooated-
be51de the reserv01r so that the ‘inner. body could be~ac—
curatelg-posrtroned'verticaiiy,relative to.the-enclosing
sphere at'eomeipredeterminedgiooation; -
| 'Theﬂthermocouple probe51Which Were used touobtain the
temperature proflle data were fabrlcated fron 24 gauge |
copper and constantan w1res and 1naerted in 15‘gauge fully
hardened.stalniess‘steel hypodermlc tublng and fllled.
w1th epory cenent around thehw1res to form a leak free

probe,'fAll thermocouple junctlons,were.of.the exposed
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type. Each proﬁe ektended through the spherical water
.jacket and enclésing sphere and was long enough' to fra-
. verse all the Qay to the inner body regardless of its lo- -
éation relative to the geometric center of the enclosing
sphere. Movement and position of the prébé was monitored
by a specially modified dial'caliper graduated .in thoﬁ-
sandths of an inch; O—rings ana special fittings located
at each sphere surface Qefe uséd to.seél around the probes.
The probes were positioneddaﬁ 40° increﬁents sﬁartiﬁg at
'0°_(upward'vertical axis) and extendiﬁg to.-160° for a to-
tal of five prqbe'positiops;- The érﬁbes were'placed-in
6nly one Qértical plahe,:baéed on prévioﬁs work-f24],which‘
',indicafed'the:pfésence of axisymmetrié temperafure pro-

files for stable flow pafterns.
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EXPERIMENTAL PROCEDURE
The desired inner body was selected and placed within

the apparafus. All physigal connéctions, such as plumbing,
electrical power, and thermocouple leads, were’ﬁade. The
enclosing sphere ana the spherical'wa£er jacget were in-
stalled and-securéd; The bottom four thermocouple probeé
were inseérted in fheir respective,lécatiohs,:and a hollow
~tube was inserted in the Zero degree_location; The "hollow
tube was inserteé just fér‘enough:intO‘the‘enclosing -
" sphere such that the annulus'could'bé campletély filléa;
The tes£ fluid transfer tube was"installed, and-the reser-
. voir contéiniﬁé.the fest fluid Wés pladed on a shelf éon—
siderably aﬁove’the appérétﬁs, such~that ?ﬂe.apng;us;ﬁould
Fill via.g%avi;yhflow. 'The’Zerb-agQree:thermocouple wés
,‘fhen'inéerted-igto position aftervtest flﬁid was_physiéal-:
ly séeWingzoﬁt of the.hbliéw hypdaeymié_tggef fhe-Frépﬁ—
T11 fiil and #eﬁt valves weré‘ﬁheﬁvopened~énd'the:innéf
body was allbwéd to £i11 dﬁ£ii_é stéédy,sfream of Ereoﬂ—
11 ﬁg; p;eéégf‘in_theﬂvent}line; ,Fréon—li:fiow‘washﬁhénil
terﬁinated by sé;ﬁring tﬁe'fiil’aﬁaréegt‘yaiyés.

.  Th¢'iﬁﬁér:b6dy was'then plécédri#zﬁhe:desired_ipéa—
~-ti9n."This‘wa§ ;ccompli;hédfgy"usiﬁg thevgtflus-ldcate@

on the reservoir and adjacent. scale. Thg.inﬁer body Wwas
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lowérgd and.raised to its‘extreme upper and lower loqaa
tions, where the inner body physically hit the enclosing 
sphere, aﬁd the scale readings recérded. For central or
concentric locations, tﬂe inne;_body was placed at a
position one half the difference betwegh the two readings
noted on the scaié. VFor eccentric iocatio#s (spherical
inner body), the predetermined 1éca£ion was accordingly
set. These locations wére +0.25L, *0.5L, and *0.75L,
where L (gap thickness)'is.equai to one half of the dif-
ference of the two recorded scale readings for the ex- .
treme locations.”. |

The s?stem waé fheﬂ ready'for operation. This was
initiated by epe;giziné both the D.C. powér'éuppiy, to the
desi?éd'power_ieﬁel,'anq £he éhiiling ﬁni£.‘ The  system
wég allowed to reaéh-thermal eqﬁilibrium prior to. record-
ipghdafé. |
| Uéonfreaching thé'éonditionnéf thermal equiiibrium
the féllowi#gfdéta were'recbrdegz:  -

‘"(a):;Iﬁne%-body‘su?faéé témperaturésf
-:(bi Heater véitégé énd éﬁr?enﬁ
(cf':inlet'ﬁater témperaEufé:'
f(d)‘:Outiet wéter'temperaturé

'j(e)':Run’numbetd
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These data constituted those,necéssary to determine the
desired heat transfer results.

Temperatufe profiles were taken at seleéted tempera-
ture differences (low, intermediate, and high). A tem-
perature profile was obtaiqed in the following manner.
The temperétﬁre probe was 10&ated on the -inner body. This
was ascertained by observing electrical cdntinuity between
the témperature probe and the inner body on an ohm ﬁeter.
Tbe temperature probe was theh Wi£hd;awn in small, incre-
ments and the tgmpératurg ﬁe;éured, the;eby detérmining"
Fﬂe temperature aéla~fuﬁction'of~radia; poéition. Each of
the five brobes'was"set 6n the-innef sphere aﬁd‘withdrawn'
’incremeptally‘énd individuali?nin thié ﬁannef;.-The incre=~
meéntal wi£hdtéwa1 was made ﬁfiliéing a specialiy modified
-‘dial‘caliper.cébable of mea;ﬁring OuOOi-in¢hIin;rements;
'The tempefature p&obeé Qeie_bonstructéd tojgévvéry stiff;
in éﬁ effoft-tq';esist"béndihg'in,thg presence of ﬁbe in-
terndl flow or'upop'strikinézthe’ipneribod§; ﬁeét‘trans—

»_fe; data as previous;y desc;ibed'Wéréftékeﬁ immediateiy:x
‘before énd-imméé%afely.aftef‘e#éhhéré{eisgnto‘aid-in'de;
-terminihgfﬁny &a}iation'in £emperatu¥e conditigﬁs forxr thé
'w,jinnér 5ba§‘apd éﬁciosing:sbﬂe;e-exi;ting,dtring‘the'feﬁ;
’;péfature-trave£ée. ‘The norﬁél*%a;iafion Qa§ lééé thén‘

»
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1°F for the high temperature differenée runs and less fhan

a quarter of a ‘degree F for the low temperature‘différence

runs. The thermocouple probes, when not being used, were

withdrawn to the surface of the enclosing sphere and there-

fore did not'intgrfere-with the reading>taken during a
traverge.

A déta'reduction program; Qritten for the Sigma 7
Xerox Data Systeﬁé digital_compﬁter; Qas utilized to re-
duce the raw data_and Qeturn_the;dataiin-the desired form
for further £reatment as-¥quired'or'aesired. A compietéf
listing:of'tﬁis computef prégramnis'foﬁnd in Appendix I.
Thé pre?iously,mentioned ekperimentai aété for the estab-
lishmept of-the heat transfér rate,wére then'converted
within'the-éompufgr pipg¥am-£o.the‘p¥ééér form for the .-

determination of the heat transfer. ' The geometric and -

'othef phjsiqal vafiables.affgcting thé.heaﬁ transfer‘ﬁére
pre-establishéd fox any'giVen sériés:bf heat transfer‘rﬁns.
‘These wgrelthé e#peripenﬁalifluid, dia¥eter éf.fhé i#ﬁer:'
.'.sphére.or,§yliﬁdg¢,_diamétg£;o£ttﬁé'oufer‘séhe;é'ﬂé;wéjsJ'
-.the same:éénéfaﬁﬁ.valué){ §ccentricity-ksphericéi.geoﬁe-A

U try), and:ﬁhe'length of thé.éy}inder.

.All’qf;the"thermbcéuélé data Wéie.cohvertéd from

millivolt réédings_to,&egrees Fahfenheif'by'the data re-
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duction-program. These temperature data were thep util -~
ized in the following manner; "The inlet and outlet water
temperatures were aritﬁmetically everaged and became the
temferaﬁure of the outer sphere. The-variation in the in- .
lef and outlet Wwater femperatures was normally less ‘than |
0.5°F. The_inner-bodf surface'temperetures were averaged
and became the innerebody‘temperature. The normal varia-
tion in ‘the inner-body teﬁperatures was less than 1°F_for
the séheree'and'approximately.lo% of the'temperature dif-
'_ferenee (?i; Tof'for'the cylinde;s. Tﬁe inner-body tem-
perature was a;ways;larger than the outer;sphere tempexr-
ature and the diffe#ence.between<the two is the tempera;
‘ture difference-thet is.ﬁhefd;ivipé_potenfiel fof'heat
transfer,::The,treaement‘of the e#be;imental defa involved
the evaluation of thermal ena phfsicel p;oper#iee of.the
experiﬁeneal fluide'which.haqbto be eQaluated at some- .
suitabieﬂrefereeeetpondiﬁioﬂl"-frevieus experimentel ef-
forts,[24], [Zl?fheve inaicafed thaﬁueuch a'reference is:f
satlsfactorlly yielded by a volume ﬁean temperature, T;ﬁ,:

whlch is deflned by equatlon (2 36)
' 330 3 301
: : . (3.1)
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This is physically interpreted as.thg average tem--
pérature obtained by treating the fluid from the outer
wall to the midpoint of the fluid anhulué as Eeing at the
‘tempe;ature of’thg outer.wéllland that from the midpoint
of the fluid annulus to the inner wall as being at the
temperature of the inner wall. This relationship and -de-
finition were employed herein. An additional ?eference
temperature was also gmployed. This was an arithmetic

mean temperature defined as

T =-——~2—-—--..- , . o (3.2)

The required thermal and pbysiéal properties are
evaluated at'the previously aiscussed'volume weighted'ﬁeaﬁ
and arithmetié mean témperétuféslin fungtioﬂ subprograms.
.These function sﬁbprograms,also involved expréséioné_ﬁﬁat
‘ répresent a 5est fit of the probértf'data for the specific
fluid. 'Intﬁhe case éf the fwo_silieoneﬁflgids; fhe.pro;
perty'dafa:fo¥:tﬁé curve fit-wére#supplied by~;hetmanﬁ-

: facturéf. ‘Thé;water.déﬁa.wéfe takeh:from.published in-
fo?mation; |

-.The heafef ioltaééraﬁd cuirentIWefé_utilized to ob-= -
tain the total-amoupﬁng”eneféy-sﬁppiied to the innér boay

:through'the7folldwing relationship: -
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q = EI. | (3.3)
This heat transfer quantity was then corrected for losses.
Since the fluids utilized are opaque to radiation, a cor-
rection for radiation loss was not reguired. - Therefore,
the only losses considered arxe the heat losses from the
support stem. The lateral surface of the stem was insu-
lated, and, therefore, convéctive losses from this.surface
were minimal and were not considered. The heat loss that
was considered and subsequently deducted from the heat in-
put to the system was that of conduction down the stem.
This was arrived at in the following manner. The product
of thermal conductivity of the stem and the Freon-11 and
their respective areas were utilized in the one;diménsion—
al steady-state Fourier conduction eguation,

(K A + lK aA_)
- FF
q, = —= AT, - (3.4)

I

with the gap thickness aé the material thickness and the
temperature difference (inner body fo outer_bodyj as the.
driving.potential.v The difference between the total amount
of energy su?plied to the inner boéy~and-this heat loés
guantity was taken to be the net heat transfér-ffom.the
inné; bodyhtO'the enclosing sphere. The average natural

convection heat transfer coefficient at the inner surface
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was then evaluated utilizing the net heat transfer, the
driving potential, and the surface '‘area of the inner body

in Newton's Iaw'of cooling which is

g . ’
— _ “net , _ )
h = AAT : . ‘ . '(3'51

The innerAbédf éurface was.utilized in eguation k3.5) from
é purely‘%;bitréry point'of vieQ. The fact that the ha
pfpduct_ié a consﬁant immediately allbwé the evaluation

of the avéragé béat transfer cééfficient at’ the ogter
sh?face! once'thé inner 6ne$is'?nown[sinée'so£h areas

are known.-

Temperature Distribution Data

"The égperiﬁeﬁtél data féf thé“températﬁre aistribu—
_tion wifhin the'annuius-weré‘taéeq_at‘fi%é.aﬁgulaf posi-
éions (Qf; 40°;'86§, 120°, and lGOf)Eaé'é;fﬁncEipnfof
radial position within ﬁhe‘;nnﬁiﬁs.; All,qf-fhése"data

were in.the foimjof~millivolt_readiﬁgs'for“spebifieq posi-

tions.z These data were'inpﬁtzto:a-digital computer pro=-

éram—wriften.féf tﬂelSigma 7. Axcémﬁlefé-listing:of‘this
}pipg£ém_?ﬁd,i££é#dagt Shbioutingé ié:fgund:in Ap?ehdix-lf
.inie;.aﬁd,éﬁglét water téﬁpératﬁréé ;nd:sugf%ce tém—
: péréturé§i,:tékéﬂ'immediatgly br¢ceding‘aﬁd:aftér:each ‘3

probe'traﬁerse;'Were'treated,within the'proqramfto estab-
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lish avefage values of the inner and outer wall tempera-
£ures du?ing that particuiar probing. The same function
subprogram emplo&ed in the’heat transfer dafa reduction
.prpgram forlﬁhe éstabli;hment of temperatures was utilized
to establish the Femperatures from the recorded milli?olt
readings for all temperature ‘data téken:during an entire
tempefature'profile run. The temperéturés ana correspénd—
ing radial.positions were éubscripﬁed variables in the 
data reduction progranm sd'that théy-dould_be stored and
ﬂgpecifically called for as reguired.?
The actualgfadial position of ény given podint waé
déﬁermined'in the~followiﬁg-ménner) The outef'body‘was
used as the reference datﬁm;' The ?adia; distance.frdm-.
\fhe outér bbdjito the innéxibody as a fﬁﬁctioﬁiof inner-
Sody_diaméter'énd'eccentricity‘(sphéréé)_haa.been pre-
Aetermined éeometriéallfiﬁxThe Value?ihdicatea on .the
-‘,dial caiipgr with:the prébe{totalif“withﬁran.to the wall‘
~.of the outer boay was rgc;ragd a€:£hé ?éfereﬁce value,

r ' ﬁsugllflééme doﬂ%enienf vélﬁg, sﬁch as O:OOO‘or in
" some cageSVI{OOO;ﬁwés.seieq£ed;:.The ﬁiémetefSIOf the

- beads on the eha,ofnthe'fhefﬁécé&plé.were measured and-

TOTET A,

v'&eterminédité;ﬂé;ﬁ.azo“ihches. The radial ?ositibn'was

detéfminéd-by,fhe brggraﬂ:ﬁfiiizihg'the following equation:
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R = Ro— (re— rref) + 0.020 PR (3.6).

where R = the radius, R$= radius of the outer body, r, =

reading on dial caliper, and r?' = reference value. -The

. ef .
radial position of the inner body surface relétive to the
" center of the enclosing body aﬁ each of the five angular
probe poéitions'was also determineé Qithin the program.
This allowed thé:cqhsﬁruction 6f a dimensionless radiﬁs
according to the'éxpression
r=R.._:._IiQ_, o L (3.7)
T R- Ré.l_ e .
whicﬁ ranges from 6'to 1 in mégﬁitude. R is the radiﬁs
at somé iﬁter@édiate poipt within;thg annulus, ﬁ@ i§~thé
distance-of the‘iﬂngr bédy,suffacé-from Fhe:géometriq
center of the epélosingjﬁoay a£ é'éiven angﬁlar’locatién
('p ;ﬁconétént),;an& Rouié-the‘rédius of ﬁhé:outer'body}
'DimensionléésTtempéra£ures,wéfe alsd'cbnétructéd:

accdrding~to'the:expression
= 2 L ey
TEgos e S 3.8

where T,is_the'rgcorded'temperature at some given point,

v and Ti'andde a:é the fempe;atﬁres-of the inner body and
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outer body. respectively. These data, along with the act-
ual radius and temperature at a point, were.outpuf.for

each radius and temperature recorded.




CHAPTER IV

DISCUSSION OF RESULTS

This chapter. is presented in sections, one for the‘
discussion of the expefimental results for the eccentric’
spheres, and one-fér,the discﬁs?ion of the experimental.
results for fhe concentric cylinderxrs. These seqtions in-
volve the compérison of the reéuits qf that particular
_gedmetry with the existing empiricél corrélations for heat’
‘transfer in the concenfric sphere cése.whenever:ppssib;e.
In addition, éince the raw experimental data for the coni
cent;ic sphe?e cbnfigﬁratiéh a;é;aVailable, thése déta
ané~the~data for tﬁe éccentfiq7ébherélafe combined to
L gain'aﬁ 6veralllcorrela£ion Fhat involves mofeﬁthan one
physicéi gonfigurat}én; .

:ﬁach oflfhe-sgctiohé forlthe:ebcéntric spheres and
conceptfic cyliﬁdgr.bodies treatsfﬁhé:tempefétﬁ¥e distri-

bution results in.a sub-section.

ECCENTRIC SPHERES -

" Heat Transfer Data
- . One of the.-goals of -the study was to' determine the

effécts_of-écéentricify on thé}heat transfer. ‘This was
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the reason for selectihg six eccentric positions for each_
sphere, which are indicated in Table 4,1. The eccentric
ekperimen£al data were reduceé in terms of the arithmetic
mean temperature, equation (3.2); and the,actuél inner
sphefe radids. The experimental data for each sﬁhere and
fluid for all eccentricities were treated individually‘in’
~an effort to emphasize the effects; if any, of eccentri-
'city on the heat fransfer coefficient. iﬂe data.were com-
" pared by plotting Nusself number versﬁs Grasﬁof number,
botb being'based on the radius of the inner.sphe;e. ‘Cer—
taiq‘behaviqr»Qasaappérent, and all the data for each
sphere and flﬁid éxhibited £hé's§me generél t;ends, which is
'depiéted by.Figurés 4fl>and 4.2.;‘ﬁere, éach‘eccent;icity
Ais_répfésented by a différeqt sfmbol.as'nbtgd‘in the‘in—
~diviéﬁal fig#%es. A close check Qf;tHe data on 'a much

énlarged'grabhical gcaie, showedhfhat there £s>én.ll pér- o
 cent séfead bétweén~the i0;75“ééé§ntficitiés oﬁ-Figure‘ |
:"4.2 and'én:18'pe£qent.s§reéd‘be£weenlthem‘in Fiéure 4.i.
The averagé-ér&or due to théieg;e#iménfél:apbaratug was
: :detérmihéa'to,be approxiﬁateiy,l;.ﬁeréeﬁt. fherefore,.
?gpieads 6?‘;hese\méggitgdes'Qithiﬁ_£he'aata is conéeiv-
.:;bléqj Thé;d;ta fbi thg'heéétive.eccgntrici£ies were.
.:néfe&_fo al%;ys bé highé; th;nA%he:data for-tﬁe Positive 

" .

f




TABLE 4.1

. PERTINENT MAPPED DIMENSIONS AND PARAMETERS

ID (ACTUAL) |ID (MAPPED) L/x; (MAPPED) |ECCENTRICITY |ECCENTRICITY
AR E: AN (I (IN)
l 9.00 . 9.27 . 0.06 £0.31 £0.75L
’ | 9.11 0.08 £0.21 £0.5L
9.02 0.09 £0.10 £0.25L
7.00 7.86 0.25 £1.06 £0.75L
’ 7..32 0.34 £0.71 £0.51
©7.08 - 0.39 £0.35 £0.25L
5.50 6.67 . 0.47 $1.62 £0.75L
| 5.94 0.66 '£1.08 £0.5L
5.60 0.76 £0.54 £0.251L,
4.50 5.82 0.69 £2.,00 £0.75L
4.98 0.98 +1.33 £0.5L
4,61 . 1.13 £0.67 £0.25L

LS




100.0

Frarae T
s o +.5
o +.75
A ~.75 e/(ro-ri)
3 v -.5
o
10.0}
z%
o
z -
[
|
=]
wn
w
= 1.0f
L 0.172
[ N = 3,28 N
t : NU GRR
=T ig A Lo ! S e s J
102 103 104 105

GRASHOF NO.,

NGRR

Figure 4.1, Eccentric sphere heat transfer data for the 9.00 inch
sphere, 350 cs fluid and all eccentricities.
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Figure 4.2. Eccentric sphere heat transfer data for the 4.50 inch
sphere, 350 cs fluid and all eccentricities.
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eccentricity of the same magnitude. The *0.75 eccentri— 
city data were alw;ys higherx in‘maghitude than the data
of their associated #0.50 and i0.25'éccentricities, i.e.,

-0.75 > -0.50 data > -0.25 data. A curve fit for each

.set of these data was carried out, and the resulting curvé

.and equation fé; each set of data is shown in the re-

spective figures. The equation for the data shown in

Figure 4.1 fit the data with an.average deviation of 9.7

"percent, and the equation for the data shown in Figure 4.2

.fit the data with'én average deviation of 19 percent. A.

separate equation'for each data set can be utilized‘to“”

represent these data to within reasonable limits. Based-

on the above 'discussion, the eccentricity does appear to

have an effect on the heat transfer coéfficient, but a

- relatively minor one.

An interesting fact was observed from Figure 4.3.

This. figure was constructed utilizing conformal mapping-

Hﬁechniques.wﬁich‘are di;cusééa in:é.late; portioﬁ”of.the
 idi§serta£ion_aﬁé.in-détail in Appendix'Ii. _Here it is:
 -seen tha£~the:séme mappedmééb wiéfﬁ i; obtaiped forreifher'

7avpo§i£i;é‘or'ﬁeéative ééEégfriciéyigf thé sémé mthit;de.'

. Therefore, for the same inner and outer surface tempera-

tﬁréé,:the'Grashéf numbé;lobtainédtfor eithe;:eccentricity
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would be.the same, and hence, the heat'transfér coefficien£
would’be the same.- This wouid.indicate that the mapping
pracess removes the effect, eveﬁ'though minor, éf eccen-—
tricity on the heat transfer coefficient.

There is also an effect of'(ré f:ri)/ri"on ;he heat
ffansfer coefficient which is éxhibiﬁed in Figures 4.4
and 4.5. Due to the effect of 'eccentricity being minor as

presented in the 'preceding diécussion, all of‘tﬂeidata

- involving rall six eccentricities for a given sphere are

aepiéted‘by one.symbpl..:Thg.effecﬁ of (r; - ri))ri'ig
clearly that”the,lgréér thisjrafio‘is for a given Grésﬂof
numbeé, the highex the associatéd Nusselt ﬁumber, as in—i
dicated 5yrFiguré 4;5_(W;ter); 'An'interesting‘thing}‘A
however, is seén:f;om figure 4.4. This figﬁfg_repfé%gnté'

the 350 cs silicone fluid for éll spheres and eqcehtri—:

. cities. Here, it is. seen that there is a similar effect

"qf'&ro-~ri)/ri but, cerfain;y, it'is.lessfprevalent'thanﬁ

with the less viscous fluid, wéter;;,This same - behavior - °

was .noted by Bishop [24] for concentric spheres~énd air as

.the test ‘fluid. Bishop's data were indicativé of a very

great;effect of froi— ri)/riy,much.more_sd than.is.indie

6atéd~by:Figuré_4.5jfo;'water; 'This_Ieads.;o.the postu-

 lation’that‘thé:m6ré viscoﬁs;fiuids'tend to damp out the

LR
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effects of.(ro - ri)'/ri on Fhe heat transfer coefficient.
This postulatioﬁ is based on the facf that thg effects of
(ro - ri)/ri are much greater for the air data [24] thén
for the Watef data, and both of these fluids indicate a
much greater gffect of.(r'o - ri)/ri than the 350 cs fluid
‘does.

Thé treatment of tﬂe experimentél data for>the eccen-—
tric spherical épﬁfiguration is unigque and prodﬁced Vefy
interesting and quite useful‘results;

The eccentric confiéuration was first treated mathe-
matically in a ﬁénner through which'thé eecent;icAcénfig—
’uration‘was tréﬁsformed into a coﬁceﬁtric confiéuration}>
Techniqués germéne:to comélex Qariéble theofy:were‘em-
blbyea in:this endeavor. 'A~detailed descriptio@(of this
.process is givén in Appépdii ITI. Thé'transformation made -
was pureiyla ge&ﬁétric one-iﬁ that énly the geémetric
variables of fhe'éystgm were affécted.. These neﬁ"geémetric‘:
'lvariablés.weré,fhén utilizéd as tﬁelﬁésis for detefminé;
tion.of the_ﬁertihent diﬁeﬁsibnless parameters‘wheie thésé
variables appeared.-i- - |

Thé'dimén;ithesé~pafémeters'ﬁhiéh ﬁefe coﬁsidgred to
chaiadtgfize*tﬁé ﬁea£ tfan;fér phénéhena taking place_

* ‘were arrived at as a result of a dimensional analysis.’
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A detailed and cémplete treatment - of this procéss is
fqund in [28]. As a result of this dimensional‘aﬁalysis
and physical afgﬁmeﬁts, it Qas determined- that a function-.
al relationship of the form |

N = ¢ [NP

NU N

: L e .
R’ B 1 _ (4.1)

GR' . .
1 1

should ch;racterize the heat t?ansfer for the eccentric
spheriqal;geometry; However, due to the employmeﬁt of
conformal mapping, the functional relationship assuﬁes‘
fhe form |

T S (4.2)
A .
i .

NU GR'

N =0 [N p» N
This, of‘cou?se, is iagntical ;o that for a concentric
sphé£§ configuraﬁion'and télthaf which:would be’obtained
from the eccentric functibhai rgiationsﬁip_with.g - 0.
'Previoué ipvéétigatiohs, 31, [41, [14];.[24], and [2sj
have demonstrated that a'funé£ionalsréla£ionshié_of this

type does characterizé-the heat'transfer{: Howevef}.one‘of

thexform'“‘
k. ) : ~
- eff _ L L A
= £ [N .NGR, = 1 | - ' o (4.3)
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is a more convenient expression with which to work. The -
ratio'keff/k is defined.by Bishop [24] for concentric
spheres. by equation (2.41) as
k !

eff - nétL
k 4T1kAT r.rx

X ‘- (4.4)

This definition will be utiliéed herein. Bishop gives a-
verbal désgriptiop of the effective thermal conductivity.
The_effective thermal conductivity is the thermal con—-"
ductivity that the experimeﬂtal fluia would have to have
to tfanéfer the ééme'quagtitf:of heaﬁ bfjconduction élpne
as is actually transfe;red byjnaturai'cbnvéctionLand con-
duction”togethér;- |

The type of functional'réiationshié'that will‘be
utilized ip'treaﬁﬁent of the‘experiménﬁal data_has néw
been esta#lished:ih terms pf.éeitinent dimensionless
quaﬁtitiés.‘ | | |

The<heat-££énsfer,¥esulté for the'eccenﬁriﬁ sphérif
-cél-configutafion,were"cdmpafea’tp éxiéting empifical
':cofrelétiqné—féf'conéentric éﬁhereszwith greét.éuccéss.
Thé'raw éiperiméhta} data for thé:edcentric-configurar
tion wgre?rédﬁééd-utilizing;ﬁéw geémetric variéblés bégga

"on a conformal mapping technique. . These variables are
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given in Table 4;1; These data were then analyzed.in
terms of the dimen;ionless pa?aﬁeters for both the volume
mean and arithmetig mean temperatures, previously dis-
cussed, to obtain the desired comparisons with the con-
centric data and empirical cofrelations. The raw con-
centric data utilized for comparisop purposés were those
of Scanlan, Bishop, and Powe ‘[2], and Bishop [247]. - The
existing empirical correlatioﬁs:which were utilized were
from the same sources; [2]'aﬁd [241].

The comparison<of'thé experimentél results of this
study with the exiéting'émpirical c&rrélafions-was made
1priﬁarily to establish‘thg crédibility.§f’the conformal
mapping'technique és_a heans'of'data.analysis. 'Thé c9n—
formal mapping technique.héd never been u£ilized in this
ﬁanner befdre;;nd it-QaS)'thgréforg! not clear or o?#ious
that this méfhod'%ould-p;oduéé~usab;e'resulfs. Thé‘factl
_also remains.that if the.data4produceatfrom htilization,
of ﬁhe'confbiﬁal mapping techniqﬁe:ﬁo-prodﬁce'uéable in-
fdrmatién,-itg”cfeaibility asiaﬁ:iﬁplémen£'ié‘esﬁablisﬁed,t
;bnly'on a pﬁjsicai gasié; Tﬂere’éré_ﬁo.mathematicai,
claims m%ée’ét éii:i:fhezsﬁcéeséfdf the.popfﬁrmal mapping
'\ﬁgthdd in}ffaﬁéférmi#é tﬂe-é;;;ﬂtrié‘%phéfé'd;ta;sﬁchfthét~-

it is cbrrélgtable with.the‘ékisting_0qncen;ric’correla-
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tions will only estaﬁlish‘the cre@ibility of tegﬁniéue
for the physiéél trea£men£ of experimental data.
The data comparisons were made relative to eight
existing correlations. These eight.correlations were of
tﬂe following four‘forms (three correlations per each 6f

the first two forms and one for each of the last two) :

k : : ,
Teff a .
L .
"k b .
T eff a [L - ) i ‘
% = C Np, (r) : (4.6)
. _ L i ; ‘
b N
efEf. a [L )~ . c _ . '
Tk T C Nga (r) Nor - A o 4.7
L i . _
eff a .- . . ' . . : e
e C‘NRA* . ‘ (,4'8)

" The déta correlation program’compared“the.mépped
“eccentric Ephére data with'the.establishéd.empifical‘con;
céntriq épheré cofreléfions an&‘alsélégtabiishéd ﬁew éoh;
stants'baseg.oﬁ'both-thénconcent;ic and,eécéﬂtrié daté.
| 1fhé'eﬁéiriéal‘po;iélations_were arrivedfat utilizipg

a least'sqﬁares$methbduof‘éurve'fitting for several in-
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dependent Variaﬁles [29]. The desired eqguational form was
determined as a result of the previous studies. and then
was written in a linear form. The linear form for a gen-

eral product type expression such as those utilized is

logy = C, log X + C_, log X_+ C, log X_+ .. + Cn log Xn_ .

1 1 2 2 3 3

(4.9)

1

The.constants,-c1 tﬁrough Cn’ were- determined as the best
constants, in the léast sqguares sensé, for an equational
form of the type selected.’ These'consténts and the equa-
.tion weré‘then.szjected to an error analysis réutiné-[29]
‘which determinéd the standard deﬁiatipn, tﬁe average per-
cent déviatién, the maximuﬁ percent devi;tipn, ;ﬁévthe
percehtages éf‘the'exp;?imeﬁtaltdaté Within 5, 10, 15,
‘20, and 25 peréént,of ﬁhe equation; The constants for
these-equaﬁibhs, fluids of apﬁlicagility, avefage~dévia-

- tion, and-?eréentage'of data Within’izo percent for both
ﬁhe'coﬁcéntric_daté and the coﬁbinéd éonéentfié and ec—‘
_“cénfric da£é;é£¢ givénlin'Téblej4;2.: TheNdeViatiqﬁ’at a
particular data-point is”defined as.ﬁhé absolute diffefj
_encenbetﬁeén the déta gnd thé equatioh value.qividéd by

’jthefdata.value;L~The_average'percenﬁ‘deviatiOn is. the sum

of the-individual deviations divided by the total'number‘:n;

RN




. CONCENTRIC SPHERE EMPIRICALACORRELAT;ONS

TABLE 4.2

COM?ARISON OF ECCENTRIC SPHERE RESULTS WITH EXISTING

Average _ [Percent of data
Equation _ . - Percent within )
. Form FLULD e a b ¢ Deviation [£20% of equation
O . Con/ecc .Con/ecc’
Water [ 0.033 [0.328 [ ==-- | === "|15.7/16.7 71.4/63.7
 (4.5) 20 ¢s.|0.031 {0.353 | ==== |=-—= | 7.1/13.9 98.6/75.9
' 350 ¢s | 0.056 |0.330 | ===~ | =-=- 6.5/10.6 - 96.6/86 .4
o Water |0.078 |0:279 |0.155 | ==-= |13.4/12.7 79.6/77:0
(4.6) .| 20 cs {0.072 {0.305 {0.124 | ===~ 6.0/12.8 97.9/75.9
"~ | 350 ¢s |0.104 [0.288 [0:110 | ===~ 5.3/10.7 97.5/87.8
(4.8) | a1l |[o0.228 [0.226 [=-=-- |---- |15.6/18.2 76.0/67.6
(4.7) a1l |0.202 |0.228 {0.252 [0.029 |13.7/15.6

Cemen/72.4

TL
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~of points. - Théese two terms are defined in equation form

as: -

§ = =~————= x 100 - - . - (4.11)
- where Oi and 8§ are the deviation'ét a point and average

percent deviation respectively.. v and'veqn are the

_ exp.
valﬁe:of.the~éxperimental data and th;_value_given-ﬁy the
equation- at fhe-pqinf{'and n is fhé fotal numbef of.pointé;
-The eccentfid;daté a;eAgrapﬁicaliy compared to thése equa—.
'tiéns:in’Fiéuréé 4}6 énd 4.7;  The comparison given in
Table 4,2 is¥§uite indicatiﬁerf‘agréement'Between.the
"méppédigécenfrid.data.aﬁd-tﬁe establiéhed'coﬁééntric em-
.piricalipofreiatigns}?iggé avérégélpéfcegt deviation’ in-_
dicate§ fbr.égép:éet Sf:conéeﬁﬁiib'géhere.data félative
to'fhe‘qerﬁaﬁe.concéﬁtrié §éhéfé;cofrelatipg gxé:essionéi'
':is df thg_séﬁé"orderuoﬁlmégnitude'g% £ha£'indicatea fbr2 ‘
ghe doireépondihg.eécéntricéspherg casé.' A reﬁé;kéble

' aérgémént»;éﬂégen td,oééur>f6# both:évérall corfelations f:u
and,fhe.méppgd d;té.”f?he:percégt?gé;offdata within 20

* pereéﬁt.offﬁhéléquatidn%:isfélsé‘indica?ivé of;g6§d<agrée4:
l_mentfbetWeégifhe'estébiiéhééfﬁofreléﬁioﬁéfandithé maéped‘—

-y
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Figure 4.6, Comparison of the mapped eccentric heat transfer
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data. All of these points strongly suggestithat the map-

pPed data and the established correlations are consistent. -

It is this consistency that establishes the credibility

of the method of conformal mapping as applied in this in-

stance. The eccentric data are representative of 1,100

experimental.runs, and the results of the comparison cer-

tainly establish the credibility and effectiveness of th

conformal mapping technique in this instance as a power-

ful tool in the physical treatmeﬁf of the eccentric sphe
experimental data..

The exééfimentéi data of bofh studies, concentric
énd eccentrié (mapped), were thé# utilized on the‘same
four gquational forms_to.establish.new constgﬁts"that

”woula better represént,the entiré-spectrumzof data fbr‘

both configu;aﬁions. .Table_4.3 is 'a tabulation of ﬁhese

'constants,‘together with the average .deviation and the-
percent of the'aataAwithin.iZQ-percent of. the equation;

_Thé mapped_éccentric-data'arg compared graphiqally to

-the, new empiriéal equations in. Figures 4.8 and'4{9. It o

is seen:from.the tabuléilpresentatién tﬁat_eduations_of
the form offk4;6)*aha'(4;7).p;oviae'a better fit and,
therefore, a:mofé'accurate correlation to thé data than

equatioﬁs ofzthe form-éf.(4;5) ana.(4.8);f Hoﬁéﬁer,'thé

e

re

do




EMPIRICAL CONSTANTS AND
' FORM OF (4.5),

TABLE 4.3

DEVIATIONS FOR EQUATIONS OF THE

(4.6), (4.7), AND (4.8).

Equation } .. .} - Average Percent of data
1. form FLUID C a b c percent within #20% of
' ' ' . deviation equation.
. | water 0.030 | 0.336 | =—== | ===~ 16.7 66.4

(4.5) - | 20 es |0.054]0.324 [wmen | —a- 12.2 85.2

7 1350 s | 0.069 | 0.312 | mmme | - 10.7 87.0
o Water 0.187 | 0.233 | 0,295 | ===~ 13.0 83.9
. (4.6) |20 cs |o0.258|0.228]0.235 | ==u- 10.5 88.8.
B 350 ¢s - [ 0.139 | 0:263 | 0.120 | --~- 10.5 88.5
All 0.231{ 0.225 | ===u | ==u= 17.2 70.5

(4.8) ' '
(4.7) . | "a11’ 0.067 | 0.282 ] 0.118 | 0.067 13.0 79 .4

9L
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fact that there are ﬁore empirical constants involwved in
" the equations pfoviding the better fit tends to preclude
"their desirability. - ‘The generallrule in correlating data
is to. obtain the best fit possible with the féwest number
of empirical constants. The additional accuracy obtained -
by using an equation of the form of (4.6) insﬁead'ﬁf an
equation of the form of (4.5) is not justification-for
the use of an additioﬁal empirieal constant. The'same_
~situation exists wﬁen the ovgrall correlations ére ﬁon-
siderea- In équafioh (4.8), the Rayleigh number and gap’

thickness to radius ratio have been combined to produce

a "modified" Rayleigh number, NRA*,'défined as
’ _ gBL AT _ :
NRA* o varg ) (4'12)

The dependepce of the reéults.on the Pfandtl pumber is
hoticeably smal;!:go.its effégt Wészthereforé negiected;
This p#oéeaure.had th; effeq# 6f“inéreasiqg‘thé éverage‘
'deviatibn'b? apprékimateiy 4 pgxcent:and decreasiﬁé fhe 
1perq§ntage_of daté}wifh:izotéercént froﬁ_79.4vpércent to
_70.5.peréénf."The ﬁe£ change{Hﬁéwevei; islnéﬁ %grge
enough to justifythé'addition-éf the £w; empiricél.con;
" ‘stanté‘nééded‘fér eéﬁatién‘(4;9f:‘;1t iélinferegfinghfo

. | . :takés_intp'

note'that,the]modified Rayléigﬁ'nﬁmber, NRA*;
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account the effects ef‘both the Prandtl humber, NPR’ andv
the' mapped’ gap thiekness to radius ratio, L/ri, without
.a significant loss in accuracy. This is a- strong point
in favor of the simpler and'less festrietive form of the
correlating eqguation.

The'preeeding remarke are definitely directed to-
ward tenderihg the results in the most,usable'and deeir—
~able manner to the design engineer,. Ihis goal'is.certain-A
ly quite important inlany research‘study.' The manner in

which the eccentric data should be utilized by the design

'ehgineer is covered'in;detail in .Appendix III.

Temperature Distrihutions

The tempe?ature distributions:. for the eccentric.
spherical eaeefwere treated.in the-unmappeafcondition
since these-data-are in some ways-indicative of the flow "
.phehomena and the heat transfer rates present Another
',reason lS that the mathematical appllcablllty ef the
.hconforhal mapplng has not been establlshed and, thete-
fore, there is'no'confidence in'its(applipability to the
,temperature'érefiies;\ | -
‘.Temperatureﬂprofiles.for repreeentatite situations
hjare é:esehtea;_ffhese'data are'gletted ih_terms-of‘dimen-‘a

.sionless temperature and radius.  .The dimensionless tem-
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peratu;e is definedbby equation (3.8L_and the aimension-_
1e§s radius ié defined by équation:k3.7). The -profile
has fivé chéracéerisﬁié regions as évidencea in Figure
4,10. The first:région is characterized by a Qery steep_
‘;emperatﬁre.graﬁiept iﬁ'the ieéion-very near to the wall
Qf“thé inne; spﬁere. .fhis aepicts a fathe; f&mili;r oc;-‘
currence in forcea convective heétit;ansfer wheré a;l of
the ﬁeat £ransfer takes piace acrass.thg boundarf layer.
Thié region of hiqh~témperaturé*gradfént,is also one of .
high velocity. The. second areé is_cleafly.a trapsition'
region. This rggion is‘qhagécfe¥iééd,by a mofe‘ghalléw
grédient'and'jo;ns~an'arealaf éteep éradieﬁf to one With(

a very‘flat gradient.._Thg vélodity in- this area alsd_goes

thro@éh_a tfanéition from high vélocity to very low Velo—-'

city.‘ The thira region. is BneAQf ‘a Verx f;at'témpergtﬁre‘
.gradieﬁt aﬁd €e£§~iow veloéi£y._CThi§.fégidn ig joiﬁed |
by-tﬂe-fourth régign,lanofﬂe;'tiéhsifioﬁ regiqn: ,Tﬁis
"transition-régiéﬂijoihs:thé_fldt”gradient'areéﬁté;éné'of
steep_g;ad;eﬂf gdﬁécenfwtp_fhe‘quté¥'wali;l Thg‘fifﬁh aﬁd
fiﬁai’regién'isnéhefof.é£eépf§;édiept}ana Hiéh ﬁelbcﬁfy

in fﬁe vicihifyfof ?He'éuéér~&%il;u=T£ejfinal.ré§ibp'was,,
'howevef;'nét ﬁ;uéilfiﬁke%ent.fsfffhe;ezé'160b'§Fafile.;

The magnitude Qf,ﬁhé;steep?drop,at'the.inhér-surface“
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Figure 4.10 Temperature profile for the 7.00 inch sphere, water,
e/(ro— ri) = -0.5, AT = 41°F,and NPR = 8.45,
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was in‘general greéfef than that at the ogtér'surface.
This behavioi was attributed to the velocity ét the inner
surface being muéh greater than that at the'puter surface.
Another general trend nofed was that the magnitude of the
steep'droé atfthe:inner surface increased with increasing
angular pésitioné'e.

Figure 4.11 demonstrétés the relative indepehdence‘of
-the.dimensionless temperature profiles on temperature‘d;f—
ference for an'approximafely i3 perceh; variation in |
Prandtl number for'Watef and the:5.59~inch inner sphere;
This same indépénaence_wés néted‘fo; the otheiAfluias and
_spheres: This\was alsoipbinted out by Scanlan, Bishop, and
Powe [2]. Since'this_laek,of-dépendgnce on.ﬁéﬁéerature
différence exists, the aétuﬁi.value'§f:tempe£atpre diffe:—
.ence willAnoﬁ bé?éonsidéfed wheﬁ discussing'beﬁ;yioral
f;ends in the é#bséquent passagesy

Another tréna that ;pp§érs to‘be ésse#tiaily univer-
sal ié.éié;rlf de?icted in‘Fiéu?e 4;12;'_Thi§;i§ thé egis_
teﬁde of a fairiy}dofmant régioﬁ‘aréﬁndnthe‘1;wér-portion;
of’the'annplﬁé;,i;e.,’G.é 120° éhdﬁ61=v160°. iTémpeiature
p;cofile.;, for e= 120° and ® = ‘_16".O‘° are indicét.i\.re of a very '
slow moving,:lgﬁ,éeméé£€£ﬁ¥é fluid::‘in:tﬁe;éiéreés;.é#e"

‘heat transfer. is for the_mosf.pait by.conduction. The
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greatest rate of heat transfer is seen to take place immed-
iately next to the inner surface as indicated by the very

large temperature gradient next t6 the inner wall.

Since the bulk of the data are in agreement in the
exhibitien of general or typical.behaviors,‘only a repre-
sentative number of graphs .will be'sﬁown.- However, there
vare situations that occur‘phich ate‘atypicai, and these
situations wili be graphically depicted in anfeffoftAto
display and explain these behaviorea Such.a'situation_
exists for ‘the 9.00 inch'ephere, Figure 4.13.: Here, it
is seen that_the temperatute prefiie for the'e,=-0? probe
”~ie.signifieaqt1y lower than that of the 40°_probe. This “
situation can be explained by the presepce’ef a multicel-
lular flow'pattetn. This is due-to the fact that thepdi;
reetion ef flow is up- the hot bedy.and,conseguentlp, ifl
the‘flow_were-uaicellular, the fiﬁid weuldriperease'in
tempefatute all'the way to.the topf“vThis situatien'was_.
postulated by Bdshop [24] for -a. 51maiar 51ée inner ephere
- w1th air as the test fluld A multlcellulat flow fleld‘
was also postulated by Scanlan, Blshop,.and.?qwe.[Z] for
the.same, 9.00 inch innerlsphere?iﬁ.a eoncepttic leca;.“
.,tlon for the three test flulds,.water, 26 es s1llcene,

.”.and .350 cs ‘silicone. Flgures 4 14 and 4 15 represent
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Figure 4,14 Temperature profile for the 9.00 inch sphere, 350 CS fluid,
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temperature profiles obtained for the 9.00 lnch inner
sphere, eccentrically located as noted on the respective
figures, with the 20 cs and 356-cs fluids. These plots,
when combined with Fignre 4.13,.show another interesting
trend. The temperature profiles'for the g = 0° and
@ = 40° probes fall below the g = 80 © érobe for both the
350 c¢s and 20 cs fluids, Flgures 4,14 and 4.15. This,
however, is not the case-for'water,>Figure 4,11. This
indicates that the large cell in the postulated multi;.
.cellular-situation decreases.in~siee as Prandtl number
increases. This fact was also notec by Scanlan, hishopru. i
and Powe-[2]. |

Another behavioral trait that should be mentioned is
the existence or{tenperatnre_in;ersions:in.the temperature
profilesnwhich is-clearly seen in Fignre‘4;l§ for hothh:
the:e-=-Q9_and e —“40° proflles.”:Thie behavior has been
attrlbnted to the heat transfer ‘in .the tangentlal dlrec—
tion being mnch larger than the heat transfer in the ra=
dial direction.for the ef= 40° proflle..'However,-thle
explanatlon is not nalid for‘the 8 = 0° proflle. 'In this
case, a boss1ble cauee mlght be- the ex1stence of corner ed-
dles as postulated by BlShOp [24] A close check of all
of the temperature proflles for the eccentrlc sphere
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study indicated that tﬁe temperature inveréion for the
8 = 0° profile Qccurred foi the three larger diameter
ratios, Do/Di' for e/(ro- ri) = *0.25 ;nd the 350 cs
fluid., No explanation is offered fof this set of circum-
stances. This temperature inversion behaviér was ob-
served in a number of instances for at least one probe
;nd ;11 fluids and gap thickness to inner radiué ratios
for NRA > 5 x.105. No attemp£ Qas made to estab}ish such
a lower limitlip this study siﬂce not all ecceptricitie§
ané fldids are rep;eSented-ih the experimental data.

Isotherﬁ plots of the experimental data wére’made,:x
Figufes 4.17,4.18, 4;19, 4{20; and 4.21. These figurés.’
ére.indicative of_soﬁe very interesting faets eanerning
the temperatufe.fiela‘and the effectsﬁéf eccentﬁici;y*on
if;.'Onli qualigétive infofmaﬁion“is,évailablé:fyém theéé‘;

figures.

Isotherms obtained using an iﬁhér séhgrg'éfIS.SQ inch
' diaﬁéter ére_typical of‘fﬁésé'obtainea for all ;ﬁree ofﬂ
thgfsmaliest'inﬂer ;pheres,u'Theréfg%e,'the isotﬁerﬁs fo?n
thiS'diametér spheré will be ufiliééd_in discﬁséidns of |
tfénds rélétivé to the'threé'smalleéfiinper Spﬁefés.'.Fsﬁ-
éomba:iééh‘éﬁrpbéés;.eachwigothe;m plgt'haﬁ tyégfluids

depigted to_aliowﬁvisual obserVatidn.df the'éffects of

57

ey -




93

350 CS FLUID
& =75 = eain

oz 31°F AT =46°F
D, =5.500" D =5.500"

Figure 4.17, Isotherm plot for the 5.50 inch sphere
and e/(ro—ri) ey e £




94

r=046

m=0.05

Di =5.500"

M=0.03

Figure 4.18,
and e/(ro-ri) = 0,

Isotherm plot for the 5,50

inch sphere




95

Figure:. 4.19 ., '"Isotherm plot forxr the 5,50 'dinch sphere
and e/(ro—ri) = 4+ 0,75,
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Figure 4.20 . Isotherm plot for the 9.00 inch sphere
and e/(ro-ri) = - 0.75.
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350 CS FLUID
i o
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D:=9.000"

Figure 4.21 . Isotherm plot for the 9.00 inch sphere
and e/(ro-ri) = Q77200
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Préndtl numbefﬂ From the isotherms shown.on Figure‘4.l7
for watér and ‘the 350 cs fluid, it is seen that the“iso-.
therms are non-circular in shape.in.the upper portion of
the éap. This indicates the exiétence of cqnvectife acti-
vity in this region. The.circular nature of the iéotherms
in the lower portion of thélgap iﬁaicates fhat'the heat
transfer in fhis région is predominantlj conductive in
naturé. It is ihtéresting tolnote that the general shapes
of-the_isothermslfor both' fluids are-simila;. Aléo, i; is
clear from Figure_4.17 that the higheét fate'of the heat.

transfefﬂin.the'region below the~Q = 0° position takes

. place immediately-next to the inner surfacé; This . was
'»also'poin;ed,out in the érevioﬁé discuséién on the tgmpet—'
:ature profiles;':The migration'of the isétﬂerms, forial-
_1ﬁdst équal conditions, tp%ard'the:oﬁtér suffdce dué.to_an-

.increase in viscosity between the 350.cs.fluid and water

is clearly seen by comparing the ‘general location of the

I = 0.415 isotherm (350 cs) to.the I = 0.462 isotherm

(water). The negative eccentricity does not appear fo._'

affect the'qualitativefnature oﬁ'the'isotherms,'Whibh is

seen by_compéxing Eigures 4.17 éndﬂ4.18; 'The.shape of the_'

_isotherms is, 'in general, similar when going from a .con-

dition Qf zeré'eccehtricify.to é négative eccéntricity




N

29
which indicates that the negative eccentricity déeé not
appreciable affect tﬁe:conveetive activity. Pigure 4.18
was prepared'frPﬁ the data of Scanlan, Bishop, and Powe
[2] and is presented purely for compérison purposes; How-
ever, conduction.dées éépear mofe prevalent in the lower
portion of'tﬁe éap for the qonceﬁtfic case.

.Positive ggcentricities are seen to have a stabiliz-
ing efféct én ;he-flow.‘ This.is indicated by the‘i;o-
therms becoﬁiné more‘circular-in.shaée, Figure 4.19. A
completely staﬁie, non-moving, fl;w field would produce a
completely circular set of isotherms aﬁd the heat trans-
fer Qould then bé by pure conduction. The isotherms fdr
the-positiée eceéntricity condiﬁion are seen to bé very
close to theﬂihne;-sphere in all positions excebt the zero
dégrée.positioﬂ;: This deéicté'a high.feméeratufé gradieﬂt‘
immediately negé to the iﬁner spﬁéfe which would result in:
a relétivelyfhigh_&eiocity. fhg?e.is then a- large very i
slqﬁ mbving‘%ééipn.thaf‘is,érééént ovef'most of’£hé annu-
lus and pré&qﬁiﬂéntly £he iowé£ part of the annulﬁé. Con~
culting: Figures 4.20 and 4.21_'fcf>.r the 9.00 i'n‘ch_‘diaméte_r-'
inne;_séﬁerei&ﬁﬁé-igothegms aré,iﬁdicéti§¢-of.thé'possibie::'
_mﬁiticeiiﬁlé?vrégime‘pfeviousif poétuiatgd..:Tﬁéﬁisétherms

increase in value before decreasing' in going from 6 = 0°
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to 6= 80°, This was the same effect noted in the pre- -’

vious discussion. The same type of flow behavior seems

-

to be present for both positive and negative values of

.eccentricity.
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CYLINDERS

Heat Transfer Data

Thé.effecthof the cylindricél inner boay on hea£
transfer were studied expeiimentally;, All experimental
data for this pﬁase of the stuay were taken with water as
the test fluid. The correlaging techniques ébplied in
this case were in some instances quite different than those
applied to the ecéentric spheres. In the following dis=

cussions the cylinders wili'be described in terms of

their diameter to length, e.g., 7.00 x 9.00.

One of the first items investigated in the heat trans-

fer study was the effect'éf aspéct‘ratio on the heat trans- .

'fér coéfficient;':The'data were plotted in teimé,of Nus -
selt number and‘GraShof nuﬁbér based én (ro— ri)iwhicﬁ
Would'then-alléw~$ome_variéb;§ invol;iﬁg the aspect ratio
to be fhe parémgtér. If thére.were«ﬁb effeet,ﬂthe-daté
would éli be éoineideﬁt,and if theré were aﬁvéfféEt,.the

~data wéﬁid aefinitely be ;eéaraﬁéd;:.#iéﬁres’4{22,v4.23;

énd 4.24 aré ?éffﬂiﬁdicati;e thét a-defiﬁite éffect éxists.

Figure‘4{22“is for theﬂffOOZiﬁch diéﬁefer c;iinders and

o the data'éroﬁp1éﬁi£éareadi1§ i££§~a.ﬁarrow 5éndsindicatipg_

thét £hére:i;:ﬁ§-éiénificanftefféct'éf.éséect ;étié for

* ..this diéméterurétip, DoypiHisl.4}” There is nb-obvioﬁsj
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explanatron for the-data behavior for the 7.00 x 9.00
inch cylinder in the Grashof number range of 105 to 3 x 105
' Figure 4.23, the:S.SQ inch.diameter cylinders, indicates
a_slightl§ different'occnrrenoe;h'Theldata are somewhat
more spread on the ends and not as clearly grouped.in a
narrow band, which indicates a small but a more,signifi—
cant effect of aepect ratio for this diameter ‘ratio,
Do/Di =-l'7§f The data for “the 4 50. 1nch dlameter ey -
linders,’Do/.vDi = 2.18, Flgure 4.24, shoms a-markedleffect
oanspeot.ratio'as’these data' are quite noticeablf spread.
This:leads to. the postnlationuthat the,;arger the dia-
meter ratio thehéreater'the erfeot,of:aepect ratio .on the -
heat‘transfer coefficient. |

_Another'interesting facthrelatdve{to ail ofdthe pre—‘
viously mentioned data:ie'that‘the‘shorterocylinder, smal-
lerraspect'ratio,,has a higher heatltranefer ooefficient
asSociated‘mdthsit. Flgures 4 22, 4;25;:and.4.£4.show
this trend, 51nce the heat transfer data in the form of
_Ndsselt_numberhfor the_smaller”aspethratio‘1sxgenerall§:r

'seen to appear on. top.

Flgure 4 25 shows all of . the cyllndrlcal data plotted .

together 1n terms of Nusselt number and Raylelgh number,“

both based_on'(ro-:ri).r.It_is‘evident-that.a,single,equaé_
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tion involviné tﬁe Nusselt number and Rayleigh'number
will not f£it these data.- In addition, there appears to
be a certain émount of scatter within the various data
sets as depicﬁea by the different symbols. An estimate
of the error that might be att;ibutable to the -experi-
mental appar;tus was found to be épproximately nine per-
cent.> quevér, some of the 'scatter appears.to be greater
than that in m%gniéude. The reason for the existence of -
scatﬁér within the data was not feadily explained.. How-
ever, the use of water as the teét_fiuid for the cylinders
might account.for some of the scatter, since water data
in experimental!studiéé seem fd-ha&e'g consi@erabie amounf
of écafter tZJif
| An aFtempf was made to find~a‘correlatipﬁ of the form

. . ) a. . T ‘ .
NNU = G NRAL - : . : -(4.13{

This form of the eqﬁafion_fits the data for the individual.
cylinders very well. - ‘The following.equations‘were found:

0.308 - _H

Ny = 0.088 N . iy = 1.285
: o L . Lery S
3.2 % 10% < N :\7< 2.0 x 107 L, "(4.14Y
*e — "RA_— " ' :

L
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0.182

FNU =.0.604 NRAL

<
RAL
, 0.284
Ny = 0.133 N,
. L
2.8 x 10° <N <
RA —
L
: 0.258
Ny = 0.228 N,
. : L
1.5°x 10% < n <
—_ RA_ =~ —
. , L
: ~ -0.253
Nyy = 0.160 N, -
. L
8.2 x 10° < N o<
b . — "RA_ —
i
e 4 0.203
Ny = 0729 N, .
_.‘L
3.9 ‘ 105 <.N. l
(2ed X LU RA

= .1.50

10 ,

(4.15)

(4.16)

(4.i7)

' (4.18)

(4.19)




NNU = 0.072 NRA e 1.04 ,
) ' L i
. N : . ‘ 3 . 5
2,5 x 10 < N < 5.7 x 10 R . (4.20)
= "Ra, =77 :

These equations fit the experimental daté within the
limits shown in Table 4.4.

The héat.t¥ansfer_data'f§; the cylindrical inner
bodiés were then treated in'a'manner to allow comparison
of these data with the existing concentric overall heat
transfer corrélétipns.‘ The dimensional -analysis carried
‘out fo; ﬁhe,gylipdriqal case iﬁ-the mannecxr déscribed by
'Iésen [Zé]”yieids é fuﬁctionél'equationffor an overall

heat transfer correlation of the form -

Ny T L Ngar

(4.21)
Since the overall heat trahgfér.correlations for the con=-

centric spheres:havé iﬁﬁolved}the use of‘keff/k; the
Nusselt number was modified utilizing equation’ (2.41),

“which résdltéd-ih!the equation beiowl:




TABLE 4.4

“DEVIATIONS OF THE CYLINDRICAL HEAT TRANSFER CORRELATIONS

S | . Cylinder Average Percent .of data
Equation Diéx_neter x Length )pércent within 20%Z of

, | (IN) - deviation equation
 (4,14) 7!00 % 9.00 8.4 8
K4:15); 7.00 = 8.00 14.9 76
'(4;1€).“ 5isp 9.00 6.8 97
(é.?7) 5.50. 7.25 9.1 91
(4.18) 4.50 9;66 23.4 59
(4.19) 4.50 6.75 20.3 81

"~f4.205_ 9.00 x 9.33 6.4 94

0TT

L
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ras thé form selected for the overall heat transfer cor-
relation. 'This:form does allow direct comparison wi;h
£he concentric correlgtions, since the term (H/Zri) > 1 as
the cylindrical héight_goes to zexo and the term
(r - ri)/ri is éxéctly L/ri for tﬁe case of concentric

o

spheres. The final equation is

NU 0.261
0.235NRA

o"¥3 0.466N',o.o75
r PR__ .

_H 1-0.209
zri) i
(4.23)
It was determingd that the empirical conétaqts, the aver-
'age,deviatiénL and the percentage of data within\zd per-
cent of the eqﬁation did not change at all with the de-
letion 6f éhé:Pfandtl'number as suggested by the‘éery
small égponént.-lThi$4resultS'in’aﬁ equaﬁioﬁ:invoiQing one -

less empiricai'consfant, which is quite desirable and is

Nyu RS 0.261 ] H }-0.209|F0"Fil0.466
= 0.234N — = , X
r -r, : . o r.
° RAL 2r1 rl
1+
. .
1

(4.20) *
 This equatién fité the éxperiméntal'data With‘ap ayerage' 
;deviatioﬂf;fﬂl7.8.perqent andlﬁi;h 6égpercént of'the e#—ﬁ"f
..peiiﬁénfai?déta'ﬁithiﬁ'ZQ percéﬁt'of’the equét;6n7; The

deletion of any'of the remaining_émpirical»éonstants/
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either by removal of the parameter entirely or through
'combininguthem to form a~modified'ﬁayleigh number as in
'the case of the concentric spheres, seriously affects the
accuracy of the resulting equation. It was stated that
one of the.reasong for using this ﬁorﬁ, (4.22), of the
" equation was £hat the equation would reduce to the form
of fhe cohcenﬁric empirical correlating equations as
H/2ri > 1. fherefore, it would be expected that the con-
stanfs in equationl(4.24);would.be the. same aé'the con-
stants given for equatioﬁ (42.6) and water in Table 4.2.
Consulting Table 4.2 forjﬁhe constgﬁﬁs given fqr equation
-(4.6) and’water, it is iﬁﬁediatély”seen that they axe:
quite différént from thei? counterpafts appeafiﬁg in.eqﬁa;
_ tion (4.24). . The expéfiﬁental daﬁaifor the cylindrical ‘
~‘inner bddiéé have a ﬁuch-greater slﬁpé fhan the.experi;_
mental ‘data for the concen£ric's§hérgs‘ The'deéendénée
on‘(rgn ri)/fi:fpr‘the,cyliydiical dafa i; glso_much.greaté
er than that ihaicated'quﬂthe:cohcéntrid sphere data..
'Thése factors wégld'preéiﬁde'the cbriélation}fbrﬁtbe dyh.f
lindrfcal-da;%{réducing t9;the coriéla;ion for the cén-
centric'éé#éreé.:lf it.weré posSible to find‘a~wayHto
coﬁformélly:ﬁaﬁ‘tﬁé cyiinder-sphefé;éebmétfy int§ a'boﬁé'

‘centric sphericél Qeomgtry,.then daﬁa:cpmparison would
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probably be possible based on the findings for the ec-‘

centric spheres.

Temperature Distributioq
The temperature distribution data for the cylindfical
inner bodies were treated in a manner quite similar_to
that previéusly discussed for the eccentric spheres.
Temperature profiles for.merely representative sit-
uations are presented since, in generai, consistent trends’
were‘ogserved,- Thése_data are plotted in terﬁs 5f‘dimen-
sionless température and tadius‘ratioé. The dimensionless.
radius ratio is Qefihed by eqﬁ;tion'(3:7); Rd

fined 'in the same manner as the radius from the geometric

is- de-

" center of the enclosing sphere to the. surface of the cy- -

5 is, therefore, a.

linder along a given angular path. R
function of angular pésitioﬂ;ﬁ‘Utilizing R6

o o S - .
allows the'dimensiOnless radids ratio to’'go from 0 to 1.

in this mannerxr

This, of éourse, has}fhe'effgét ofigémpressing'some of tﬁe .
egrves and expanding;qthers. ‘The fémpe?atﬁre pfofiles'for
thé cylindricai gésé ére-siﬁiiéi iﬁ n;tu;e.to those fér f
fthe ecceﬁt?ic spheies.. The%%iare:stili five ghéracﬁeris-;-
tic tegions-preseﬁt as deméhéﬁiatea:iniFigure'4{26; .Thé;é
is a.feéionibf ﬁé%yvsteep teﬁéé;aﬁﬁrg59¥adien;“atjthe in-

" ner surface signifying a large radial transport of heat.
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There is a trapsition region ﬁhét joins the high grédient
region to Qﬁe of very low gradient and in soﬁe cases a.
positive'grédient, This transition region takes place
‘over a very short,distanée and is ipdicative_of a trans;
ition from high Velocity~to low‘velocity. The iow gra—‘
dient region constitutes the third region. This is fol-
lowed by a fourth region, another trahsifion region. In
this region, thé‘flow goes from a low veiocity to’a.high
one at the outer wali. This transition is seen. to take
a much longer iength than.thevprevidﬁsly discﬁssed one.
Again; thé fransport of he;t is-high.in the raaial dir--
ec#ion as a result of this transition. The fifth and final
cregion is the large grédient'at-the oﬁtgr wall,

‘The teﬁperature profiles fo? the'c§linde; exhibited
cerfain:genefalffrends‘which will be descriﬁéd;‘;Fiéure
4,27 depicts'a very importént ghd typicalltrend. Thié is .
fthé yi?tuai lack of dependence of thé tgmpefaturé profile
.on tempe%ature difference. This was true>reéérdléés'of
diame#eraQr length’of the cylindérszéompared.“'ihis éamé= 
”behavibr'wés ﬁbfedhfor both'tﬂe eccentrié,and,qonéentric

. [2] spﬁérical geometries., This fact;reaailyfalIOWS the

_use of the data for any size cylinder withip the.range7in—'

Vestigated.fo dempnstraté-a trend reéardless'of the temw-
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peratu;e,difference'being imbressed;

Fiqgures 4.26 and 4.28 show tyéical temperature pro-
files for the. two emaller diameter and shorter length.
cylinders. There are temperature inversions that are
guite obvious - in the first three probes (6 = 0°, 6 = 40°,
and 6 = 180°), This.behavior is attributed to the high -
tangential heat transfer reletive'to the:radial transpo;t
rate for the 6 = 40°hand 6_= 80°'profi1es. The exis;ence
' of corner eddies in the neighborhood of the 6 = 0° posi-
tioh could poseibly expla;n fhe existence of a teﬁpefe—n
. ture inversion in the 6 = 0° teméeratere profile. This
,.éoint Wes‘previously diSCussed‘;eiative to the eccentric
spheres for a.temperatufe inversion-in the 6 = 0° temper-
'.ature Erofile, Ali fhree ef the smallest éépect ratio
chihders‘showed'hhis same'trend.~-The teméerétureAih;'
versien hehayior wae nohiéed‘for afhleasf ohe;engular,’
xpositioh fer'eyery temperetufe.profiie taken. .The‘6f=wl60°
'fprofile has. a verf‘shallow;slepe ever moethdfethe anhuiaf~
distehce, which‘is indiéative‘efzheth a'very iew velecity
.and a‘iee'fate‘ef redialrt;ahspogh.of heah.ﬁiThis.trend
'of-low heat transfe? rate and sloﬁ mov1ng fluld ‘is. Very
,v1v1dly exempllfled in F;gures 4-26 and‘4 28 ' The bottom

h'two probes show that there is v1rtually no temperature
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drop across the majority of thelannulus. Therefore, the
region of highest heat transfer rate is immediétely next
to the inner wall. .The flow pattern ;hat is responsible
for such temperature profiles might be extremely slow
moving fluid in the lower portion of the annqus, 0 = l26°
-to & = 180°, and a very fast méving cell inAthe upper por-’
_tion of the annulus. This could'be caused by the presehce
of a vértical sgrface. However, this éonqitidn, the cy-
lindrical inner‘body and sphefical‘enélosure, will. have
to beiobserved'visually and photographed in a later.study
to determine_the trﬁe'pattern shape ana'flbw phenoména.
present,

Another:trend‘tﬁat was guite evident was the exisfeﬁce
of a.possible'multiceliular f;ow‘région._ This was noticed
for cylindersvéf.all diameters and the 9.06 inch lenéths.
This is shéwgfby Figprés_4;29 and 4,30 thch are for the
5.50 x 9.00 inc':h_”anvc.i..t‘he 4.50 -x‘9_.010_ inch cylinders re-
speﬁtively;‘ Thé"ﬁuitiﬁellular”pa;terﬁ;is indicated; as
in the.césé of th.eccentfic'séhgieé,.by”tﬂe températuré
of the 6 =-O°,prébé Beiﬁg.conéiderably lower,in'magnitQAe
ghan'thé £gm§%ra£uré profile for';he_9 = 80°'probe. THe
1argg éorﬁépéjfééion is stiil’éiea;lj iﬁdicated in both

figufes.'.Therefore, the multiéellulér.pattern experienced
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for the cylinarical inner body must be somewhat similar
to that experienced in the casé of thé eccentric sphexes.
There exists a large region of slow ﬁoving fluid in the
vicinity of the Q = 120° pfobe dowﬁ to the lower vertical
axis. There then must be an odd number of cells that are
cbunter—rota;iﬁg relative to each other and relative to
the 1arge.celi. lThis must be true to'aQOid the existence
of shear planes between the cells and to satisfy the.bon—
tinuiﬁy equatién;

Isotherms were aiso plotted in an effort to add addi-
tional informatioh.relative tg the~témpé:ature and flow
phenoména’thaﬁ are present. _Tﬁé;e aépears to be a'definiﬁe,
effect of cylin@rical iength on the temperafure profile
and flow'phepomeﬁa fhat e#ist. . The ioﬁg cylindérs (9.00
inch b&eféll‘iength) ten§‘to h;veﬁa purtailing effect.on'
the convective ;ctiyity; Figure§'4.3} and.4.32; . That:  is -
to say, the isofherms moré_cioéely»aééroach'an ﬁelliptical%
. patte£n‘which W§uld bé indicéfiye,of’the cohditiﬁh:bf pure:
conéuqtioﬁ:  éii;of the}coﬂ?éé#ivé acﬁiQity that exists
does tgkéJplace-ih the uppér-éqitiop_éf the annuiqs/ be-'{
tween 8 %:Q°énd 6'=.1206 lééatién._'iﬂeVisothermé for thgzl
8 = 40b §oéitioh‘éré’gomewﬁaf)highefiat-the'same distanée“”

£from the surface than those for the ~ 6 = 0° oxr the 6 = 80°
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Figure: 4,3)," \I'sotherm. plot for the 7.00""%x.9.,00 iinch
cylinder and water.
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CYLINDER
4.50 X 9.00

AT=53° F AOT=32° F

Flegure V4,32,  dsotherti plot. for the 450" %.9.00.  Inch
cylinder and water.
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positions indicating the possibility of the previously

.mentioned multicellular flow patterxrn. The large virtual-

ly dormant area is clearly evident also in the lower part
of Figures 4.31 and 4.32. The effects of temperature dif-
ference on the temperature profile, as.indicated by the

isotherms, are seen to be qguite minimal. The general shape

"of the isotherms for different temperature differences is

seen to be similar from either Figure 4 .31 or Figure 4.32.
The highest rate of the heat transfer must take place
very near to the inside surface as indicated by the iso-
therms being so cloﬁe togetherﬁat the inner surface,
Figures 4.3i and'4.32, signifyin§ a'lafge temperaturelgra— 
dient at‘th; innér éﬁrfacew -Tﬁis is clearly seen in Fig-

ure 4.26 in the fprm'of a very iarge steep drop at the’

' inner surface for all five profiles. The heat transfer

. must be véry predominantly by conduction in the lower

portioh of the annulus and a combination of,both:convec-

tion and conduction in the upper portion, as ‘indicated

”Sby the non-concentric éppearance of-ﬁhe‘isotherms.

Thé»length of the cylinder quite noticeably-had an

effect on;the isotherm pattern and hence on the -heat

" transfer.: Figures 4.33 ahd,4.34'are;fbr the two extreme

cases bf-the sﬁorter_length-éylinders,'7.00.x‘é;00 and.
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CYLINDER

7.00 X8.00

AT =18°F AT=35°F

r=o07

Figure 4.33. Isotherm plot for the 7.00 x 8.00 dinch
cylinder and water.
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CYLINDER

450 X 6.75
=45

AT=17*F:.  AT=34° F

Flgure' 4134, ~Isotherm plotiifor the ' &.50 . %6475  ‘doch
cylinder and water,.
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4.50 x 6.75 inch cylinders. The isotherm patterns are
quite different than those of Figure 4.31 and 4.32., A
large temperature gradient is still present at the inner
surface, but the isotherms in the extreme upper portion
are visually n;n—elliptical. This indicates the existence
of high convective activity in this area. The lower por-
tions of the annulus are indicative of large dorﬁant area§
and, therefore, the condition of conduction. Tﬂis fact
leads to the postulation that the shorter the cylindrical
length, the ﬁore the convective acfivity'is enhanced. The
extreme case for comparison would be the sphere, Figurg
4.17,.Which showed considerable convectiye activity. These
three figures, 4.17, 4.33, and 4.34, are seen to compare
quite closely in general shape of the isotherms.

The largest cylinderx utilized\experimgntally had di;i
menéions of 9.00 x 9ﬂ33 inches. fhe isotherms for this
case are somewhat different than those previouélf dis- .
'cussed. Thg isothernms definitely~indicate the péssibility
' of a multicellular flow field, Figure. 4.35. Also,. the
isothermslare‘quite Eircular in shape:iﬁdicatinqlé ref 
.duced convective activ;ty:as compared to that:seen for .
the.smaller'cylinde;s.of.both 1ength§. This same';r;nd

was noted in- the investigations df-Bishop [24] and Scanlan,
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CYLINDER
9.00 X 9.32
AT=25° F AT=40° F

S Fdlgure 4,35, ‘Isotherm plot for the 9.000 x'9,33 "inch
cylinder and water.
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Bishop, and Powe [2]. It appears, then, that the smaller
the ratio of diameters, Do/Di' the more curtailed the con-

_vective 'activity becomes,




CHAPTER V

CONCLUSION

The objectives of this experimental investiéation
were (1).to obtain ﬁeat transfer co?relations for water,
20 c¢s and 350 cs silicone fluids for the spherical inner
body located eccentrically relative to the enclosing body,
(2) to determine the effecfs of'écceﬁtricity on heat tréns—
fer, (3) to relate the eccentric data to the existing con-
centric data and to obtain an overali correlation for the
heat transfer.that is_valid_ﬁdr both gonfigurations, (4)
£6 obtain tempefaturé profiles for the eccentric séhére
qonfigurétiohs,'(S) £o obtéin heat:traﬂsfer correlations .
for cylindrical inner bodies with énlenclésing spherical
body} (6) to determine'tﬁe effécts of aséect ratio on hea;
transfer, and,(75.to obtain Fémperature pfofiles.fér the
cy;indiigai c§nfiguration.: Ail seven of thesé objectives
were'sétisfadtofiiy aéhievedf—‘A brief sﬁmmary of the re¥:,
',sﬁlts is preéented bélow.}-‘ - | |

An analysis 9f the ekgerimentalvpeat trénéfer>data
taken fbr_éhe écée#tric sphg;icél coﬁfiguration‘showed
fhat@the’ecéentric iocation_éf the inper.sphére é;lre-

" flected in the dimensionless eccentricity to gap width ~
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ratio, e/(ro— ri), did e#ert an effect on the average
heat transfer coefficient for al; diameter ratios, Do/Di’
‘investigated. The conformal mapping technique was shown
to be a powerful tool in the correlation of the experi-
mental data and the establishment of the desired heatA
‘transfer‘ccrrelations. The size of'the inner sphere as
reflected in the diameter ratio, Do/Di' had a noticeable
effect on the héaf transfer. This effect was also in-
fluenced by the viscosity of the £luid. Thé largex the
viscosity, the less the effect of the diameter ratio-.

The analysis of the heat transfer data for the com-
bined . mapped- eccéﬁtric and concgntric dafa-esfablished
the‘folloﬁing.COrrelations fo? the fluids and'Rayigigh

number and Prandtl number ranges ihdicated:‘

k : .
e ff 0.336
== = 0.030 N__
. . L
a7 <N < 12.1, 2 5-x'104.< N < 2.'o'x-1o7 '(5.i53'
ot " PR e ) RA_ - :
- Kafg - i 0.314
s = 0}954 NRA T
: - RAy
148 < N__ < 336, 5.5 x 102 < N__ - < 9.0 x 107 (5 é)'
-5 S _ "RA_ . T CoT

L.
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k
Rerr . 0.312
=== 20,069 N_
L
2 ‘ 6
1454 < N__ < 4148, 5.0 x 10° < N < 6.0 x 10° . (5.3)
PR RA_

These eduations correlate the data for the specific
fluids to within an average de&iation of 16.7 percent-
(5.1), 12.2 percent (5.2), and 10.7 percent (5.3). Ad-
ditional equations.containihg a larger number of empirical
constants are éresented in Table 4.3. However, the im-
proveﬁent in the accuracy of the p;ediction does nof justi-
fy the.use of the.additional-émpirical consténtsf
| An_overall ﬁeat transfer_cofrelation for all fiuidé:
and both-#he mapped‘ eécenﬁrié and concentfic'configgra—
~tiomn-in térmé'of a médified Rayleigh number as defined b&A

equation (4.12) was obtained;5 The equation is

k o E
Teff - - 0.225,
X = 07231 Noos
fo '4.7 < N‘ < ;148- 1.5 # 102 < N_. . < é-'o:x'lo8 |
S 13- . RA* OO !
L . oa I -
0,09 < - < 1.18 - . S (5.4)
i . . . R

This eqﬁatioh prediéts the data to within an average de-

‘yiatioh”offl7;2 percent. . Anoﬁherfémpiricai expression
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for the overall heat'transfer inyolving four empirical
constants inetead of just two.is given in Table 4.3.
There is'a‘minor improvement in“the accuracy of prediction
through using the equation with more empirical constants;
However, the gaih in accuracy was not considered enough
to justify the use of additional empirical constants.
Dimeneionless temperature profiles, I') as a function
of dimensionleee radius, r, andf@, were obtained. They
showed seueral_features that should be noted. There'was
no noticeable effect.of overail.temperature difference on.
-the temperature profile ohtaineo; In;general, the tem-
perature profile contained five:definite regions: |
(1) a Qery steep ihner'body temperature.oradient,"
r 2 0.05
(2) - a transition region, 6.05 Zr %'0.2
(3) a very shallow temperature gradlent
0.2 rg 0. 7 |
(4) a transatlon region,l0§7 irg 0;95_‘
and
k5) ,; steep outer body temperature oradlent
'0 95 % r_< 1.0 | |
The temperature proflles for. the 9. 00 1nch sphere did not -

follow the same pattern as for the other dlameters. “They -
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had the samé shape just described but weré ordered aif—
ferently. This led to the postulation of a multicellular
flow pattein to explain the anomalies in the temperature
profiles. This same behavior was also observed by
' ' 2
Scanlan, Bishop, and Powe  [2] for which>they postulated a
multicellular pattern. Temperature inversions in the tem-
perature profile were al;o'noted; These temperatureAinf
versions were attributed to the high rate of tangéntial
heat transfe? relative to the réte of.r;dial £ransport of
heat. An effect of eccentricity‘én the convective acﬁiv—
ity was seen tQAekisf. :A positive.eccentricity appeared.
to suppress the convective activity to somé degree whiie
a negative-eécentricity appeared to ephapée the convective
.activity.i The viscosity of the fluiq d;d.alter_the_effects
of eccen£ricit§“on convective activity to some e#ten?} but
the trend was still preéent.

An analysis of the éxperiﬁentél-heatltransfer data
for the.qyiindfical inﬁer‘body showed that there was #
marked-efféct of the aspéct-ra;io oﬁ'fﬁéAaverage.ﬁegf.trang;
fér‘céefficiént;g,The.éffect'is'qﬁite:prpnounced fof the
-sﬁaliest'diapeter.ratio, é;/Di,i%nd:decrégées.in:magnitude
as the Aiaméfer ratib.inc}éaseé; -T£e ém;lier aspecfxfétio

for:every diameter ratio inveétigated;produced the,highest
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averége heaf transfex coefficient for that cylinder dia—h
meter ratio. Heat transfer correlations for the individual
cylinders were determined. An overall'heat transfer cor--
relation for all cylinders within the limits of Rayleigh

number, (H/Zri)‘and (ro-ri)/ri may be expressed as shown:

NU 0.261 | H }-0.209 [Fo Fil0.466
= 0.234N — —_ = ,
ro-ri o RAL 2r, r.
1 + ) t 1
r.
a
H Y =
1.14 = < 2,00 , 0.09 < =L < 1,18 |,
: i
and -3 8 " .
‘ 3.5 x 107 < N, £2.2x10 . (5.5)

The experimental“data-are correlatsd by this ‘expression
to, within an avérsge deViaﬁion»of-i7;8 perxrcent,.

The diménsioniéss seméeraturé pfofiies,'F,hwere_ob—
tained‘as a function of dimensionless fsdius:raﬁio, r,
and e.thhese p;ofiies also exhibited trends simila;:to
:thoss‘discussed:fos the eccentric sﬁheres. There was no
“noticeable.effecé-of teméeratufefdifference on the tem-i'
1pefature p;ofilss. Aspesf ratio:afa exhibissa'mafked
ﬁ:éffest on the qon;ectivs'aCtivitf. "The,smalier_aspest
.?étiéifsf eschfsiaﬁsfer.;s;io; Do/Di; sppeared to enhsscg_

lconvective;activity while the‘laréer:aspect.ratios ap—
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peared to suppress tﬂe convective activity.‘ There appear-
ed to be a very large virtually dormant zone below the

= 120° angular position. Temperature inversions also
appeared for all sizes of cylinders. The same five re-
glions déscribed for thé eccentric spheres were found to
exist for all the cylinders. Howeve?,.the 9.00 % 9.33
inch cylinder did exhibit behavior like the 9.00-inch

sphere, a postulated multicellular flow pattern.




APPENDIX I -

COMPUTER PROGRAMS

The computer programs presented herein are the heat
transfer and temperature profile data reduction programs
for the ecéentric sphere data. These érqgraﬁs were basic
"in nature énd, therefore{.they were slightly modified ﬁo
accomplish the daf% reduc£ion for the cylindrical innerxr
body. For this.reason, anly those for the eccentric
spheres-are'included. Also included are function sub-
programs for fhe'reductién bf the‘thermdpbuple data and
détgrmination of the thermal ana physical properties of

the experimental fluids.

Heat Tran;fer Data”Reduction Program

'The‘prbéram'that foliows_is‘the cémputer pfogfam
writfen for the redﬁctioﬁ of,the~hea£~transfer @ata. The
nomenclature-for_the input Qafiables is as follows:

CNR- " Run -number +

SJ L"Testffluid,lJJ'=.l'ﬂ.-ai;, 2 .. ﬁater,\

3 .. 20 os f}'_ﬁié.i,.' and 4 .. 350 cs fluid
DS ?V_Diaﬁetei éf-inﬂer sphere,;ihghes
DL~ :"Diamétér of:dﬁfér sphere, ‘inches.

5

: V;_‘ ‘Heater vqltage,,ﬁolts




c
EC

E(I)

140
Heater current, amps
Eccentricity, inches

Readings from thermocouples 6 - 10, millivolts

This computer program has the following function

subprograms.:

(1)

(2)
(3)
(4)

- (5).

. (6)

FUNCTION T (E) Converts millivolt readings for
thermocouples to temperature.

FUNCTION U(T,JJd) Calculates the absolute -

: viscoéff& of the specified test fluid as a
- function of ﬁemperature.
'FUNCTION CP(T,JJ) - Calculates the specific

:heat at a constant preésure for ﬁhé specified

fluid és a function-of temperétﬁre.

FUNCTION CON(T,JJ) * * . cCalculates the thermal
;onAuctivity'of the specified fluid as a'function>
of:temgerature; |

FUNCTION RHO(T,JJ) Calculates the density of .

the specified fluid.aé'a function of teﬁperature.

FUNCTION BETA(T,JJ). Calculates the expansion

§oefficienﬁ for the specified fluid as:a'fuﬂction'

~of'temperatgre.
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;24

;30

31

DIMENSION E(20)9TP(20)
AAA=0.0

XKF=0.055

XKS=8.5

: DF;0037 .

DS=0.5

DWJ= 14 0

AF=3. 1415927*DF*DF/576 0

AS=3. 1415927*DS*DS/576 0-AF
WRITE{106,60) , '
FORMAT120X7°583—7lg NORMAN WEBER? 340X}
READ (105,1) NRyJJsDSsDLsV,CoEC

FORMAT (2I5,F15, 4y4F10.4)

IF (NR) 25253

READ .(105530) (E(I)?I=6710)
FORMAT {5F10.4) . T
DO 31.1=6,10 :

CTPUIV=T(E(1})-459.69
TS=(TP(9)+TP(10))/2.0
TL=(TP(T7)+TP{8))/2.0

DT=TS-TL

"RS=DS/2.0
RL=DL/2.0 -

DSA=DS " -

" 'DLA=DL

F- (EC) 45554
X1=(EC+RS)/RL
X2=(EC~RS)/RL

" RS=RL*(X1- XZ)/(I'C—XI*X2+((1 0- Xl*Xl)*(l XZ*XZ))**O 5)

DS=2.0%RS" e o :
‘5. RAVG=(RL+RS1 /250 ‘

GAP=(DL-DS)/2.0
RGAP=GAP/RS

“- DRT=DL/DS
~ooQL= (XKF*AF+XKS*AS)*12 O*DT/GAP

Q V¥C*3. 412—QL

IPT




' H—Q*144 0/(4-0%3, 1415927*RS*RS*DT)

6

B

TM=(TS+TL)/2:0 :
TVM"((RAVG**B—RS**B)*TS+(RL**3~RAVG**3)*TL3/(RL**B RS##3)

WRITE. (108y6) NR,EC

FORMAT {"1720X32RUN NO®I5¢5Xs *ECCENTRICITY="£15.851X,°(IN)?}
WRITE (10857) DSA,DLA '

FORMAT ('095X,*ACTUAL .INNER DIAMETER‘“EIS 89°(IN)° ”ACTUAL OUTER

"~ 1DIAMETER=%E15.8,°(IN}®)

35
40

.36
41

37
42

38
" 43
50
8
9

10

B0 TO (35,36,37438), JJ

WRITE(108,40)
FDRMAT(°0”95X9“TEST FLUID IS AIR?Y)

GO -TO 50

WRITE(108541)
FDRMAT(“O“vSXv“IEST FLUID IS WATER?)
GO. TO SO :
WRITE{108,42) ‘
FORMAT{90%435Xy " TEST FLUID -IS 20 C.S. SILICONE®")
GO 70 .50
WRITE(108943)
FORMAT(°O°95X9°TEST FLUID IS 350 C. So SILICONE“)
CONTINUE :
WRITE(108,8) .
FORMAT (%0°%4X;°D0 (IN)?°5Xe DI {IN)®4X5°GAP ﬂIN)”éX,”Tb {F)'6Xs

1'T7 (F)96Xe°T8 (F)6Xe2T9 {F)°5X,°T10 (F)?)

WRITE (108,9) DL, DSyGAP9{TP{I)9I 6510)

FORMAT. (8E12.4)

WRITE (108,10)

FORMAT (“Oﬂ?Xv°L/RI“7Xy”DO/DI“le”H {B/HR-FT2-R)21X*Q {(BTU/HR)*1X,

1 QL (BTUZHR)"4X,9DT {(F)?6Xs°TM {F)I5X,?°TYM (F})?)

ii

13

15

WRITE (108511) RGAPsDRTsHsQsQL;DT,TM,TVH
FORMAT . {8E12.435//)

D0 12.1=152.

GO TO (13,14),1 -

TVG=TM#459., 69

WRITE (108,15)

FORMAT {30X,'BASED ON TM?)

AN




14
17
16

GO TO 16

TVE=TVM+459.69
WRITE (108517)

FORMAT . (30X, *BASED ON TVM“)
VIS=U(TVG:JJ) .
SH=CP(TVG,JJ)

. CND=CON(TVG,JJd)

DEN=RHO(TVG,J4J)

- BET=BETA(TVGsJJ)

18

19

20

XNU=H%GAP/ (12.0%CND)

XKR=Q*GAP*371(3. L415927*CND*DT*RS*RL)
PN=VIS*SH/CND . ‘
GNL=32. 1YQ*BET*DEN*DEN*GAP*GAP*GAP*DT*3600 0%3600. 0/(1728 O*VIS*

1VIS). .

RNL=PN*GNL

RASL=RNL*RGAP

GNR= GNL/(RGAP*RGAP*RGAP)

RNR=GNR*PN .

WRITE (108918) .

FORMAT . {%0%2Xy*DEN (LBM/FT3)'1X9”VIS (LBM/HR-FT)'6Xs"BETA (1/R)?

. ~12Xs 'CP (BTU/LBM-R)?1X,?K (BTU/HR-FT-R)?6X5 ? PRANDTL NO®)
WRITE (108,19) DENy,VISyBETySHsCND,sPN

FORMAT (6E16.8)
WRITE (108520) .
FORMAT (’O’SXv”NUSSELT NO®10X3 "KEFF/K®2Xs GRASHOF NO (L) 11X,

.1*RAYLEIGH. NO. (L) *1X, °GRASHOF NO {RI}®*1X;°RAYLEIGH NO (RI)"®)

- WRITE . {108521) XNUsXKRyGNLyRNLyGNR¢RNR

21
100

12
101
22

23

FORMAT (6E16-845/7)

WRITE(108,100) .
FURMAT(“O‘ple‘RAYLEIGH NO * - (L)')
WRITE.{108,101)RASL

.FORMAT(E18.8)

-WRITE.(106522F NRyRGAP:PN3s XNU3s XKR3 AAA
FORMAT (11044E16.85F6.1)

WRITE (106423) GNL,RNLyGNRyRNR,EC
FORMAT (5E16.8)

€EVT
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G0 TO 24

CALL .EXIT.

END .

FUNCTION T(E) .
DIMENSION C{8)
DOUBLE PRECISION TOT
C(1)=491.96562 .

. C12)=46.381884

35

C13)=-1.3918864 '
Cl4)=0.15260798
C(5)=-0.020201612 "

‘C(6)=0:0016456956

C({7)=—6.6287090/110.%%5)
C(8)=1.0241343/(10. **6)
T0T=0.D0O0

DO 1 I=1,8

T0T= TOT+C(I)*(E**(I ny

- T=T0T .

RETURN.

END -

FUNCTION U{T5JJ)

GO TO (35936937938)9JJ

€0=134,.375

Cl=-6.013383%
€2=1:8432299
C3=-123347050

B EXP(Cl)*T**CZ*(T+CO)**C3

36

GO .TO 50
TP=T-593.33203

. C1=.0071695149

C2=.011751302
C3=.0087791942

. LC4=.81654704

VIS=C1#TP+C2%{1.4C3% (TP#&2)) %4, 5+C4
U=1./VIS

" 60 TO 50

vPT

93




37

CONT INUE

ABSOLUTE VISCOSITY OF ZOCS DOW 200 SILICONE
V=0.03875%{4.6%10%%5)/(T-359.69)%*1.912°
Cl=52-.754684

'C2=0.045437533 :
'€3=5.1832336/(10.0%%5)

. RHOW=C1+{C2-C3*T)*T

38

RHO=RHOW*0.949

" U=RHO*V

GO TQ 50
CONTINUE

ABSOLUTE. VISCOSITY OF 350CS DOW 200 SILICONE
"V=0.03875%(5.495%10%%9)/{T-259,69) ¥%2.943

C1l=52.754684

. C2=0.045437533

C3=5.1832336/(10.0%%5)
RHOW=C1+{C2-C3*T)*T

" - RHO=RHOW%*0.970

. 50

U=RHO*V

- G0 .70 .50

RETURN

.. END -

35

36

" FUNCTION CP(TyJJ)

GO TO (35936937;38)35J44d .
C0=2.236775/110.0%%5) -
Cl= 0.22797749.

CP= CO+ C1x%T

GO TO0 .50

Cl=1.3757095

..C2=.0012968965

C3=1.11105337{10.%%6)

" CP=C1-{C2-C3*T ) *T

37

GO TO 50

CONTINUE -

SPECIFIC HEAT OF 20CS DOW 200 SILICONE
TP=5.0%{T~491.69)/9.0

SvT
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C1=0.3448334 | o
C2-7.74992(10.0%%5) .. -
C3=4.167/(10.0%%8) '
CP=C1+(C2+C3*TP)I*TP |

GO TO 50

CONTINUE -

. SPECIFIC HEAT OF 350CS DOW 200 SILICONE

TP=5. 0*(T~491'69)/9 -0

. £1=0.3259583

C2=52.425/(10.0%%4)

- €£3=5.41667/110.0%%7)

.50

CP=C1+{C2-C3*TP)*TP_
GO TO 50

RETURN-

END

© . FUNCTION CON{(TyJJ)

535

36

‘G0 TO 135;36,37, 38),0d

XP=0.1

"C0==8. 5964965

Cls 34490.89 .
C2=: 868.23837
C3= 8056583.8

- X=XP .

F=CO+ CI*X+C2*X*X+C3*X*X*X—‘
FP=C1+2.0%C2%X+3.0%X*X%C3

XP= X-F/FP

IF(ABS((XP-X)/X) -0.0001)25251
CON=XP

"GD.-TO .50

Cl=.23705417

. €2=,0017156797

C3=1.1563770/{10.%%6)

. CON=—-Cl+(C2- C3*T)*T

. 37

GO .TO .50
CONTINUE - .
THERMAL CONDUCTIVITY OF ZOCS DOW 200 SILICDNE

9Pt
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_50

- CON=0.00034/0.004134%

GO TO .50
CONTINUE

THERMAL CONDUCTIVITY .OF 350CS DOW 200 SILICONE

CON=0.00038/0-004134
GO TO 50
RETURN -

. END

.35

36

FUNCTION RHO(T,J4)

. GO T0.{35436437538),44J -

CONTINUE

DENSITY OF AIR.AT ATMOSPHERIC PRESS.
RHO=14.696%144./(53.36%T)
G0 TO 50 ‘ .

C1=52.754684
C2=2.045437533

- €3=5.1832336/(10.%%5)

37,

RHO=C1+(C2~ C3*T)*T
G0 .T0 .50
CONTINUE

.BENSITY .OF ZOCS DOW 200 SILICONE

. C1=52,754684.
© €2=0.045437533

38

C3=5;1832336/(10.d**5)
RHOW=C1+{C2-C3%T)*T
RHO=RHOW*0 . 949

- 60.TO0 50

CONTINUE
DENSITY OF 350CS DOW 200 SILICONE
Cl=52-754684

' 'C2=0.045437533

50

' €3=5.1832336/(10.0%%5)

RHOW=C1+(C2-C3*T)*T
RHO=RHOW%0.970.

60 TO 50

RETURN

LBM/FT3

LY T




35

36

37

38

END

FUNCTION BETA(TvJJ)

GO TO {35936937938)9JJ
BETA =1.0/T :

GO TO 50

TP=T/100.

IF {T-549.59) 14152

C1=603.11841

€2=-353.03882

C3=68.297012

C4=-4.3611460 .

BP=C1+(C2+ (C3+C4*TP)*TP)*TP
GO TO.3

C1=—128.44920

C2=68.827927

C3=-13.858489

€C4=1.2608585.

£5=-.042495236

BP= Cl+(C2+(C3+(C4+C5*TP)*TP)*TP)*TP
BETA=BP/(10.%%4%)

GO TO0.50.

CONTINUE -

THERMAL EXPANSION COEFFe OF - 20CS DOW 200 SILICONE .

‘BETA=0.00107/1.8
-GO TO 50

CONT INUE o .
THERMAL EXPANSION COEFFs OF 350CS DOW 200 SILICONE

" BETA=0.00096/1.8
© 60 TO 50

50

RETURN

END

8VvT
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Temperature Profile Data Reduction Program

The computer program that follows was written to

reduce the temperature profile data. The nomenclature

for the input variables is as follows:

- NR
bS
DL
EC’

E(J)

EP -

Run number .

Diaﬁeter of inner sphere, inches

Diaméter of outer sphere, inches
Eccentficity,_inches

Readings from thermécouples; 7 - 10 are read-
ings for these thermocouplés’preceding,the -
probe traverse, 11 - 14 are readinés for the
saménthermocbupleé following the pioﬁe
traverse,. |

Réferénce'reaqing on'dial éaliper

Reading on diéljcaliper at'ﬁqigt wherefﬁem—

perature brofile,data'is béing taken.

 Thermocouple probe reading,5millivoiﬁs

-This-computer program utilizes the-folloWidg subroutines:

(1) . SUBROUTINE RTHET(R,RS,EC) - Computes- R

5 féf usé'

in equétiqnt(3&8). 5'5;" Co O

'?INB, AXIS3;;PLOT2, énd PLOT‘aré locally'éerived.subfdu—

' tines that are utilized to  drive. the CALCOMP plotter and

"will not be repibduéed. Anf‘bthéf subrpﬁtines or sub-
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programs that are utilized in this computer program that

are not listed or mentioned above or with the program list-

ing have been previously discussed or are common sub-

routines or subprograms: and their -inclusion was not war-

ranted.




.10
~- 18

DIMENSION TEMP({5,200);ANG{5)sRAD{55200) yX(55200)5Y({5,200),XP(200),
1YP(200) 5TL(5),TSI5)sDTI5),E(20),KNT(5),TP(5,200) H{20),R(5)

2:1T(24)

-KK=0 "'

P=3.1415927

D0 10 I=1,5

ANG{I) =(I-1)%40 .

READ (10551)NRyDS,sDLyEC -
FORMAT(I5,F15.4,2F10. 4)
RL=DL/2.

RS=DS/2.

" DR= RL/RS

" CIFINR) 29243

©.300

CALL RTHEAT(R,RS;EC)

© WRITE(108,300){R(I1),1=1,5)

FORMAT(”l‘y5X 5E12 4)
DO 4 I=1,5 .
K=1 _:

“READ (105,5)(E(J)yJd= 7 10)
READ (105, 5)(E(J)yJ 11914)
FORMAT(4F10.4)

DO 6 L=7,14

HIL)=TB(E(L))—-459.69

“TLUI)={H(7)+H{8)+H(11)+H{12)) /4.

TS(I)=(H(S)+H(10)+H(13)+H(14)) /4.

~ DTUI)=TS(I)-TLII)

READ (105, 7)REF

FORMAT(F10.4)

READ(105,8)REZEP

FORMAT(2F10.4)

IF(RE)12,51249

K=K+1 '
TEMP(I:K)—(TB(EP) 459 69-TL(I))/DT{I)

. YUIsK)=TB(EP)-459.69 .
" RAD(14K)=RL-RE+REF+0.02

'X(I K)-(RAD(I K)- R(I))/(RL-R(I)) .

TST

o




GO0 TO 11
12 RAD{I,1) = RAD(I;2)-.02
TEMP(I,1}=1.0
Y(I,1)=TS(1)
X(Ivl)—_-O-O
K=K+1 )
TEMP(IsK)=0. -
Y(IsK)=TL(I)
RAD(IsK)=RL
X(I:K)=1.0
4 KNT(I)=K
_— WRITE(108,100)NR :
- 100 -FORMAT{®*1%95Xy "RUN NUMBER = *,1I5)
DO 110 I=145 o
WRITE{(108,106) ANG(I) .
- 106 FORMAT(5X,*THEATA = °;El2. 4)
WRITE(108,101)

'f,101 FDRMAT(von,lox,nRAnlusv,ax,vRAD RATIO®;2Xs *TEMP RATIO?,1Xs® TEMPERA

1TURE")
M=KNT(I)
DO 111 J=1,M
WRITE(108,102)RAD(I53J)sX{I5J),TEMP{I;J),Y{I,J)
102 FORMAT(5X;4E12.4)
111 CONTINUE
110 CONTINUE
XMN=0.0
XMX=1.0
YMN=0.0
YMX=1.0
NL=0.0 :
CALL PIN3{KD;XNs¥YN)
CALL PIN3(KDyXN;YN)
CALL AXIS3{XMNyXMXyYMNyYMX50.150.1sNRyNLyXSsYSsKDsXN;YN)
DO 50 I=1,5
J=KNT(I)
/DO 60 L=1,4

Zst




60

50

W o

.16
14

XP(L)=X{I,L)

YPI{L)=TEMP{IsL)

LL=1+3
CALL PL0T2(LL,J9XS YSsXPoYP)
CONTINUE

CALL PLOT(3yXN9YN)

GO TO 18

'CALL EXIT

END"

" SUBROUTINE RTHEAT{RyRSZEC)

DIMENSION R(5)5A(5),C{5)
DO. 1 I=1,5 .

A{I)= {I-1)%40
C(I)=A(1)%3, 1415927/180,
IF(EC)54,1556

D0 .2 'I=195

IF (I~1)3,354"
R{1)=RS+EC
GO T0 2

Ll1)=3, 1415927—0(1)‘

B=C(I) .

R(I)—(EC**2+RS**2 2. *EC*RS*COS(B))** 5
CONTINUE

GO TO.15

EC=-EC

DO 30 I=1,5

. IF{I-1)8,8516

R{1)=RS—EC

"GO TO 30

Cl1)=3.1415927-C(1).
AA=ASIN(EC*SIN{C(I))/RS)
B=3.1415927-C(I)+-AA '

. R(I)=(EC*%2 +RS¥%2-2.%EC*RS*COS{B))**.5

30

15

CONTINUE
RETURN
END

€ST




APPENDIX IT

MAPPING OF ECCENTRIC SPHERES TO CONCENTRIC SPHERES

The comparison of measured data with existing correla-
tions is always desirabie when possible. "' Natural convection
heat transfer correlations in gxistence are for such geome=-
tries as concentric sbheres or concentric'cylinders. No
correlations exist which consider sphericél bodies eccen-
trica}ly located relaﬁive to each other. .However, cém—
plex variable theory suggests that it may be possible to
conformally map £he eccentric’cqnfiguratidn into a cén—
centfic coﬁfigﬁ?;tion. This me£h§d was applied to the
eccentric coﬁfigﬁratioﬁ in hopes that the mapped geométriq
vdriableé, whgﬁ:applied in the dataAreductioh, ﬁduld al-
lpw qomparison between the exiséing correlations and the
éxperimen£al;§iméasured data.:

The mapping waé toibe.accompiished fér-the_eccentrip.
configurationishown in Figﬁr§>A2.l.f The points A-through
G are_designaﬁéd'éo that theii-pésiﬁions‘duiing the tran;—
foxﬁétion‘canﬂpézfollqwed{ ‘Thé fitst seép-was to trans-
form‘the.p§lar:cbordinates-into:ca;tes;én'é60¥dinates'by
defining x}lggd'y{'é;; |

x''=xrcos 8 ', andy''=xsin 8 ., = (A2.1)
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Figure A2.1. Original eccentric configuration.
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where r is the radius to any- point in the annulus and
is its di;placement from the upwafd Qeftical k0°). -Then a
dimensionless éet of coordinateéh x and y, are defined as

1]
x == , y-= . . (a2.2)
: (o} g (o} :
with the position of the top and bottom of the sphere in

dimensionless form designated as

e + r. ’ e - r
hR

x1 = — -and X, = . (A2.3)
.o o fe)

"All of the coordinates for the transformatioﬁ are in .
dimensionless form. Considering a region transformation
as given in Churchill.[30]., let the variébleé'a and Ro be

.defined as

"l + x.ox, + /kl - x ?)(l - X 2) . S
12 . 1 o2 -
a = - , (n2.4)
‘ L%y X, .
. 1 - xlx2-+‘/(l - xl?)(l - x22) _
R- = — : ' - (a2.5)

o , . ox, + X

1 2

for a > 1 and Ro > 1 when =1 <'x, <x, < 1. The trans=-

formation function for the considered region is

- o S T (az2.6)
Y37 az - l.,',=-vﬁ N - ‘ ‘,)_
where w_ = u. + iv , and u ‘and v are-given“bYZ

3. 37 773 3 3
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2
w, = dx-allex - D) voay (A2.7)
(ax - 1) + a’y. .

y (a2 - 1)

v = I . (A2.8)

(ax =~ l)2 + a2y2

z = x + iy _ ‘ (r2.9)
i= V=1 . - - (A2.10)

The function (A2.9)'tfansf§rms tﬁe 6riginal eccentric con-
figuration (Figure A2.1l) to a concentric confiéuraﬁion
(Figure A2.2). The new configuration isZinverted (the
outer sphere is insidé the innerléphére)-and upside down
relative»to'the original configuration. However, the ma-
jor‘point of iﬁféreé£ is that the new configufétioﬁ‘
(Figure A2.2). is concentrid; Thérefofe; the problem be-
 comes oﬁe pf transforﬁing thé-ﬁew'cbnfiguration to .the’
originél positidns (odtef spheﬁe ouﬁgide and inpe? sphefe
insidej while still #aintaining.the copéeﬁtricify.'
'C@nsidefing.n6w~a method to rggfore the.oriéinal
pdsitioés,'lefvﬁzé -ug aﬂd_v2 ¥ —Vg- Thi;'has'the.eﬁféﬁt
‘of pﬁﬁﬁing thé qqncentric spheres in;the position_desig-
nated:iﬁ.Figﬁre-A2.3.‘3The posit#ﬁhslaf the .noted painfs;
'A £§¥dﬁ§ﬁ G,;are péw‘in the uérﬁgy£ posi£ion'but thé :A

sphereé are still inverted.- Spfndwvthe problem is one of
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Figure A 2,2, Configuration as a result of the first
mapping.
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Edgure A23% Configuration as a result of the second
mapping.
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putting the spheres in their proper locations. To ac-

complish this, the inverse of the-preceding transformation

function is taken as indicated by

w, o= _ : - (A2.11)
17w

where wi is the original transformation evaluated in terms

of ﬁl and vl. Therefore, we have new variables‘ul and v

in terms of’uz and‘v2 as given by the expressions:

u, + iv, = - — = , (aA2.12)

. u2 ’ —v2 :
W T Ty o amd vy S ey e (A2013)
u + v u + v : :

2 -2 . : 2 . 2.
This tranSformation.has the effect of placing the spheres
in their ﬁroper location (outer one outside)._ Now»using

a-final transformation

‘wo= o we o S (A2.14)
.produceé-the.configuratioﬁ shown in Figure A2.4 with: the
outer radius of the -mapped and prigiﬁél spheres egual.
All of the previous transformatiopsacan-now be combined,

into'a single function given by.-
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Figure A2.4. Configuration as a result of the final
mapping.
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r. (az - ¥
O(. 0)

W e ‘ : (A2.15)

where'ro is the original radius of-the outer sphere.

The foregoing mapping procedure is successful in
producing the desiréd.configuration of two concentric
spheres froﬁlfhg'original ecéentric sphere coqfigurétion.
The concen;ric (mapped) configuration maintains the origi-
nal outer diameter and jielas an inner.sphere with a di-
ameter dependent on béth the origihal-inner diameter

and the eccentricity.




APPENDIX IIT

USE OF MAPPED ECCENTRIC-  DATA IN

‘'DESIGN APPLICATION

y:\ ﬁajor_goal of many research projects is the pro-
duction of useful empirigal-;elationships for the prac-
tising engineer. This goal was kept uppermost in mind
during this study, and the results are qﬁite meaningful
and useable by the design.enéinéer. The intent of this
appendix is to_inéf;ﬁct tHe'enginéer in the use of the -

empirical ‘relations resulting from the éxperimental study.

‘To do'this,‘examples are posed where the. data are_utilized

starting with a known eccentric configuration and arriving -

finally with an average heat transfer coefficient or the

heat transfer rate to be utilized in subsequent design

" . calculations.

ECCENTRIC SPHERES - T e IR

First, consider an eccentric spherical configuration

with an inner sphere of. radius ry and an outer (enclosing)

spherefof radius rd‘withian:eccentficity}e. .Whether the

‘eccentricity is positive or negative makes no difference

.in the approach usedubr the mapped diameter that will oc-
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cur as a result of the geometric transformation. Now
evaluate the actual gap thickness to radius ratio accord-

ing to equation a3.1,

r - r,
o i _
r,
i um

Then enter Figure 4.3 at the calculated value of (L/ri)um

. ' (A3.1)

L
i

um

and proceed to the curve labeled with the desired wvalue of
eccentricity. Then read directly across to the wvalue of

(L/ri)m which is defined by equation A3.2 as

L (A3.2)
m

By simple algebxa, determine the wvalue of Ri which is tﬁe
"mapped" inner radius that will be utilized in all subse-
quent calculatio@s in place of fi.

The evaluation of the average heat transfer coeffi-
cient can now be carfiea out. The first.thing which must

be done is to evaluate the volume mean temperature, T '

vm
as defined by equations (2.38) andi(3.1) which requires
a knowledge of the temperature of the inner and outer sur-
faces, Ti and To respectively. . This temperature, th,

will be utilized in the_deteimination of all of the ther-

mal and physical properties necessary for the evaluation
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Oof the Rayleigh number»ot modified Rayleigh number as the
situation dictates. .It is suggested that the individual
equations depicted in Figure 4.8 be used when the fluids
of interest are those involved in this study. This would
then require the evaluation of the Rayleigh number based
on the mapped gap thickness. Should the fluid of interest
be different than thdee of thie studf, the overall cor-
relation would present the-mdst desirab;e approach. This
would then require the evaluation of the modified Rayleigh
numhern

Now proceed'with the determination of the average
heat transfer coefficient, and considei for simplicity
that the fluld of tnterest is one of those 1nvolved in
this study and that the modlfled Raylelgh number accord-‘
ing to_equation'(5.7) has been calculeted. Now use elther
the line on Figu;ev4.9 on the}equetidn>given on Figurei4.9
to determine the‘yalue of k;ff/k. ;Then use'equatien‘(2;42)x

to determine‘the:Nusselt'nnmber;‘

Kk __ | -‘ O (z- Ry
- N oo/ 11 +._.___.._._R 1+ - (2.42)
| | : o

ufU51ng the expre551on for the Nusselt number
NU.©. =k

2
fl

(A3.3)
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the’average heaf transfer coefficient far natural convec-
tion can be determined for the qriginal'eccenfric config-
uration by solving equation (A3.3) for h.

The pr&cess would be the séme if the fluid of inter-
est is one of the tes£ fluids for the sﬁudy with tﬁe ex-
ception that Figure 4.8 or the equétions 1istedlfor the
individual fluids would be utilized instead of Figure 4.9
and the equatioh for the overail heat transfer correlation.

'The heat transfer rate is obtained in the following
mayner. -The vaiue of keff/k obtained from eitherxr the
_curves or equations indicated on Figures 4.8 ahd 4,9 is

directiy from the following equa-

utili;ed'to‘yield et

tion:

."net =

. (a3.4)
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