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Abstract:

Natural convection heat transfer from a fixed array of four isothermal , heated cylinders to an
isothermal, cooled cubical enclosure was experimentally investigated for both a horizontal and vertical
position of the array. The cylinders were arranged in a square array and four test fluids (air, water, 99%
aqueous glycerin, and a silicone oil) yielding Prandtl numbers in the range of 0.7 to 3.1 x 10”4 were
used with each geometric position.

The heat transfer results are presented in correlation equations for each fluid and geometry as well as
an overall correlation utilizing all data. Several equation forms were used in which the Nusselt number
was correlated as a function of combinations of the Rayleigh, Prandtl, and Grashof numbers. The best
equation found to correlate all data with a single parameter was NuB = 0.286 RaB 0.275 using the
boundary layer length as a characteristic dimension. This equation provided results with a 9.30%
average deviation. The results were compared with equations developed for single bodies to cubical
and spherical enclosures for the same Prandtl number range. Correlations of the data are provided in
tabular form for all fluids and geometries.

Several geometric effects were observed. The vertical configuration convected less heat than the
horizontal while a rotation about the vertical axis for each of these configurations had negligible effect.
The resulting decrease in heat transfer for the vertical configuration was attributed to a complex
interaction between the boundary layer length, the flow patterns which resulted from the geometry, and
the cross sectional area exposed to the upward flow. As the Prandtl number of the fluid media
increased it tended to damp out the geometric effects. Flow visualization studies and temperature
profiles were used to aid in evaluating the geometric effects.
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ABSTRACT

Natural convection heat transfer from a fixed array of four {so-
thenma] heated cylinders to an isothermal, cooled cubical enclosure
was exper1menta1]y investigated for both a horizontal and vertical po-.
sition of the array. The cylinders were arranged in a square array and
four test fluids (air, water, 99% aqueous g]ycer1n, and 2 silicone 0il)
yielding Prandt] numbers in the range of 0.7 to 3.1 x 107 were used with
each geometric position.

The heat transfer results are presented in correlation equations
for each fluid and geometry as well as an overall correlation utilizing
all data. Several equation forms were used in which the Nusselt number
was correlated as a function of combinations of the Rayleigh, Prandtl,
and Grashof numbers. The best equation found to correlate a]i data
with a s1ng]e parameter was

NuB = 0.286 RaBO.275

using the boundary layer Jength as a characteristic dimension. This
equation provided results with a 9.30% average deviation. The results
weve compared with equations developed for single bodies to cubical and
spherical enclosures for the same Prandt]l number range. Correlations
of the data are provided in tabular form for all fluids and geometries.

Several geometric effects were observed. The vertical configu-
"ration convected less heat than the horizontal while a rotation about
the vertical axis Tor each of these configurations had negligible
effact. The resulting decrease in heat transfer for the vertical con-
figuration was attributed to a complex interaction between the boundary
layer length, the flow patterns which resulted from the geometry, and
the cross sectional area exposed to the upward flow. As the Prandtl
number of the fluid media increased it tended to damp out the geometric
effects. Flow visualization studies and temperature profiles were used
to aid in evaluating the geometric effects.
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NOMENCLATURE

Description

Total heat exchanger area
Total area of the cylinders

Distance traveled by the boundary Tayer on the
inner body

Specific heat at constant pressure
Denotes function

Acceleration of gravity,-9.81 m/sec2

Grashof number, defined by equation (2.2)
Local.Grashof number, ngx4/k\)2

Average heat transfer coefficient, QCONV/ACAT
Thermal conductivity _

Gap width or hypothetical gab width, Ro"Ri
Lehgth of straight cylindrical section

Nusselt number, hx/k, where x is any characteristic
dimension

Prandt1l number, cpu/k

Heat transfer by conduction

Heat transfer by convection

Heat transfer by radiaticn

Local position of thermocoup1e probe

Rayleigh number, p gB(T -T, )x c /uk where x 1s

any characteristic d1men51on




X

Symbo1 Pescription

Ra: . Modified Rayleigh number, RaX(L/Ri)
Ri(o) Inner(outer) body hypothetical radius equal to the

radius of a sphere having an equal volume

RND Dimensioniess radius defined as R/R(8)
lR(G) Length of probe for radial position @ °

T Local température

Te Film temperature, Te = (T, + T.)/2

TND Dimensionless temperature defined as, (T-T5)/(T;-Tp)
TI(O) Temperature of the inner(ou?er) body

TW ' Temperature at the outer surface of any body

TMVL Temperature of the inner(outer) body as measured

1(0) by the thermocouple in millivolts

TS . Temperature of the support sphere

Te Temperature of the ambient, far from the inner body
X : Any characteristic dimension

B . Thermal expansion coefficient

" Dynamic viscosity

Y Kinehatic viscosity

1 "Ratio of circumference of a circle to fhe diameter,

3.14159
9 ' Temperature probe angular Jocation as defined on page 15

P Density




CHAPTER 7
INTRODUCTION

Investigation in the area of heat transfér by natural convection
within enclosures has increased dramatically in the Jast decade. This
has been in response to advances in electrical packaging, solar heat-
ing technology, and increased demands for handling nuclear waste. Most
' recently the demands for energy conservation have increasé& the impor-
tance for a better understanding of natural convection within enc16—
sures. |

The purposes of this study are to determine the’héat‘%}anSferred
between a set of four isothermal, heated cylinders (muiéiﬁfe bodies):
and an isothermal, cooled cubical enclosure, to determine the effect
of the position of the tubes within the enclosure, and to compare the
results with the findings of previous studies on heat transfer from
sing]q bodies to the same form of enclosure. Four fluids and inner
body positions are utilized in studying the heat transferred. The bhody

positions include the set of cylinders in both a horizohtéTsand‘verti—

cal position and include a 45 degree rotation about the vertical axis
for each posjtion. The fluids used are air, waﬁers 99'5ercént glycerin,. -
and a Dow-Cornming 20 cs fluid. fhe fluids provide a-PréﬁdtT number
range of 0.7 to 31,000.

Although the heat transfer problem is coupled with a-.fluid-fTow
problem, the intent of this study is directed primarily toward the heat

transfer problem. Flow visualization and temperature profiles within
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the enclosure are obtained to ai d in evaluating the heat transfer.




CHAPTER II
LITERATURE REVIEW
Heaf transfer by natural convection is a field in which several
subdivisions are evident. The majority of the fnitia] studies dealt
solely with heat transfer from cdmmon shapes (e.g. p]ates; Eyiinders,
- spheres, etc.) to a sufficiently large surrounding f]uiémmedium as to be
termed an infinite atmosphere. Further developments found a need to
study the natural convective heat transfer from one body to an enclosing
body through a fluid medium that could not be treated as infinite. Both
of the major subdivisions mentioned above have experiencedigmphasis on
the separate areas of heat transfer from single bodies, series of like
shapes usually symmetrically placed, and other geometric effects as
. well as specialized fluid properties. For purposes of clarity this dis-
.cussion will be covered in two phases. These are (1) natural convection

to an infinite atmosphere, and (2) natural convection in enclosures.

NATURAL CONVECTION TO AN INFINITE ATMOSPHERE

There have been many major developments in research into the heat
.tfansferred from a single geometric shape to an infinite atmosphere.
Several texts.providé an excellent summary of these advances.
McAdams [1] provides a comprehensive review of earlier results of
investigations into natural convection heat transfef from single -
horizental cylinders to an infinite atmosphere with Ray]eiéh numbers

4

ranging from 10" " to 10°. Both Gebhart 27 and Holman [3] provide

excellent references foyr the heat transfer from horizontal and
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vertical cylinders with Rayleigh numbers from 10'5 to 1012, well into

the turbulent region.
[ .
In nearly all cases three dimensionless parameters are utilized
to correlate the heat transfer by natural convection. The resulting

equatibn is of the form

Nu_ = f( Gr, » Pr ) (2.1)
in which the dimensionless parameters are defined as
| s, - g8(T,, -ZTOO) x> 22
: : Vv
| N, = 2 (2.3)
and-
Pr =-—f%§i— (2.4)

" where x is a characteristic length. Simplification of the correlating
equation has been accomplished by combining the Grashof number (er)
and the Prandtl number (Pr) to form a single dimensionless parameter,

the Ray]eigh number, as follows :

Ra_ = Gr * Pr (2.5)

X X

The equation form most commonly utilized to correlate heat transfer

T T p—T




data 1is
C2 .
Nu, = C4 (erPr) (2.6)

Fujii_and Fujii [4], Roy [5], and Churchil] and 0zoe [6] present studies
to express C] explicitly as a function of the Prandtl number in the

equation

*
Nu, = C; (6ry Pr)'/° , (2.7)

for laminar flow along vertical surfaces with uniform heat f]ux. The
results were satisfactory, but are Timited in app]icatioﬁ.to this par-
ticular situation. |

Liénhard [7] prgsented theoretical arguments that regardiess of
shape, the overall heat. transfer correlation in the laminar range can

be expressed as
(Nuy/Ray) /172 (2.8)

for wholly immersed isothermal bodies. He recommended that this rela-
tionship be used with the length of travel of the boundary Tayer as the
characteristic Tength (x) to achieve results varying only by a few per-
cent.

Eckert and Soehngen [8] researched the effects of a vertical ser-
ies of horizontal cylinders upon each other. Utilizing 2.231 cm diame-

ter, isothermal cylinders, they observed that when two cylinders were
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~utilized, one directly over the other at a distance of four diameters,
there was no change in the Nusselt number of the Towest cylinder as
oppdsed to a single cylinder. However, the upper cylinder evidenced
a reduction in heat transferred. The resulting Nusself number of the
upper ¢ylinder was 87 percent of the Tower cylinder. Similar results
were‘achieved when the sefies'was increased to three cylinders. The
Nusselt numbers were 100, 83, and 65 percent, respectively, from bottom
to top cylinders. When the middle cylinder was moVed Taterally out of
Tine by one half a diameter, the Nusselt number 6f that cylinder rose”
tb 103 percent of the bottom cylinder while that of the. top cy11nderi
was 86 percent. | |

.Eckert and Soehngen reasoned that the effect of the warmer wake
around the upper tubes reduced the heat transferred since the tempera-
turg differential had decreased. Conversely, the staggered fube was
not in the natural convection plume and an induced fluid movement of |
.cooler air resulted in a greater capacity to transfer heat. Analysis
of the method of heat transfer from the top cylinder in thé-staggered
array was more complex as it was effected by both the induced wake and
the convective ﬁ]ume. |

Leiberman and Gebhart [9]}, in 1968, investigated the ‘interactions
between the natural convectivé flows of several closely spaced surfaces
by using long, horizontal wires in a parallel array at several spacings

and inclinations. Other investigations which include temperature and
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‘ve1ocity measurements about a line source have been conducted by Brodo-
iwicz and Kierkus [10], and Forstrom and Sparrow [11]. A11 of the above
1nve§tigafors found that cool air is induced into the plume from the
sides and below the source. |

The influence of tube spacing and array on natural convection heat
transfer coefficients for horizontal tube bundles has been determined
experimentally by Tillman |12]. Five pitch to. diameter (P/D) ratios
were studied for a square array of 16 tubes, and four (P/D) ratios were
studied for a staggered array of 14 tubes. The fo]Towing‘equations

were developed to correlate the data:

Nuf = 0.057 (Gr Pr)fo'5 : : (2.9)
for square arrays, and
- 0.5 -
Nug = 0.067 (Gr Pr). (2.10)

for staggered arrays, where the thermal properties of.the fluid were
evaluated at the film temperature |
Ty + Te

5 (2.11)

Tp =

| except g which was evaluated at the ambient temperature. :The charac-
teristic dimension was defined as
X 4 Ax

__c .
Dh 7 (2.12)




/
lin which AC is the flow cross section area, A is the total heat ex-.
(changer area, and x is the height of the tube bundle. Conclusions
drawn by Tillman indicate that tube spacing has more effect on the heat
transfer than the type of array. Afso, an optimum spacing for each
array was determined for separate temperature diffe;entiais.

Natural convection from vertical tube bundles has been researched
by Davis and Perona [13]. They utilized 42 tubes having an oﬁtside
diameter of 1.58 cm and a length of 1.23 cm arranged in 7 staggered
rows of 6 tubes per row. Experimental results were compared with theo-
retical results obtained from a finite difference so1uti§n of the prob-
Tlem. The results obtéined from both experimental data and theoretical
calculations correlated extremely well with the exception of thé values

in the region where the end sdpport system had an apparent influence.

NATURAL CONVECTION IN ENCLOSURES

Natural convection in enclosures, in this discussion, will be
vestricted to heat transferred from one body or bodies completely en-
closed by a second body. With this restriction imposed, one finds an
area of investigation that has barely been initiated. The primary em-
phasis to date has been with single bodies geometricalily centered with-
in a second enclosing body.

As discussed préviously, several dimensioniess parameters were

utilized in correlating the heat transfer data for natural convection




J .
to an infinite atmosphere. Altholgh these parameters remain valid for

-9 -

!enc1osures, a third element was found helpful, if not necessary, which

alters equation (2.1) to the form

- Nuy = f(GrX > Pros Ny) (2.13)

where Nd is a rétio of characteristic dimensioﬁs.

There are several sources of information on heat transfer from a
single body to its enclosure. Most recently, Warrington [14] developed
equations from expérimental data which are useful in corfe]ating heat
transfer between inner bodies utilizing spheres, cubes, and cylinders
of varying sizes to both spherical and cubical enclosures using data
obtained by Bishop [18], Scanlan, et al [19] and other major investi-
gations, as well as considerable data of his own. The.following corre-

lation:

0.234 (_L 10.496 p,0.162

R.

Nu
: i

| = 0.396Ra

was found to adequately describe the heat trahsferred‘for 9 different
sizes of spherical, 11 cylindrical, and 6 cubical 1nn¢r podies when
enclosed by a spherical or cubical outer body. Severa]‘gifferent

fluids were utilized to extend the Prandtl number range from 0.706 to
13,800. The average percent deviation was 13.50%. Correlations ére'
also given for separate combinations of fluids, inner, and outer bodies.

Warrington 147 also provides an exhaustive review of the Titerature

-t
'
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pertaining to heat transfer from a single geometric shape to its en-
iclosure.

Kuehn and Goldstein [15] analytically developed a correlating
equation for horizontal concentric éyTinders. Utilizing the experi-
mental results of eight studies by other authors in which fhe ratio of
outer to inner cylindrical diameters (Do/Di) was 2 and 3, and a Prandtl
number of 0.7, they found that the analytical model fit the data within
a few percent. Included in this study were two major.extensions to the
concentric cylinder problem. First was an analytical determination of
the gap width at which the solution was the same as that for a single
cylinder. It was found that when Do/Di > 360 at RaDi = 107 and Do/Di
700 at RaDi = 1071, the heat transfer coefficient was within 5% of that
for a single cylinder. The second extension of their analytical model
was the solution to the problem of multiple cylinders contained in a
single cylindrical enclosure. For this case the correlating equation

became

fn

2N ' (2.15)
Tn[ T+2/Nu;1 - N In[1-2/Nu ] ~

Nu

where the Nusselt number of the inner tube boundary conditions is

1/4
D;

0. 0559)3/4] 5/12)15 + 1/3)15]1/15

Nui = [(0. 518Ra;) [T+ (== br 0.1Ra D1

(2.16)
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and the outer tube Nusselt number is
Nty = ([ 25:)5/3%(0.587Ré:)/4).]3/5)15+( 0.1Ra /%) P11
1-e o - 0 (2.17)
for a set of N inner cylinders. This equation is expected. to be valid
for small numbers of inner tubes. Although the authors are not specific
as to the tefm small, they leave the impression that more than 4 or 5
cylinders would result in error. No other heat transfer data could be
. found for this configuration énd, therefore, it has not been tested for
validity.
The study of vertical tube bundles in enclosures has been mainly
within the low Prandtl number range (1iquid metals). Dutton and
We1ty [16] researched the effects of cylinder spécing on the heat
transferred from a vertical rod bundle in a vertical cylindrical enclo-
sure utilizing liquid mercury as the fluid medium, Pr = 0.023, with a
uniform heat flux apb]ied to the rod bundle. Axial and radial tempera-
ture distributions were also measured; Resu]ts of this study showed
that there is a strong dependence on cylinder spacing and that the

equation form for usé in studies at Tow Prandtl numbers should involve

the dimensionless parameter product defined as
Gr: - Pr = (gﬁqx4/ka2) : (2.18)

where q is a uniform heat flux.

The study of natural convection in enclosures as evidenced by the
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Titerature has increased in the T1ast decade. That portion which in-
cludes the use of multiple bodies stil1l lacks appreciable knowledge.

~

i .
This study is intended to provide an extension of this area.




CHAPTER 'II1
EXPERIMENTAL APPARATUS AND PROCEDURE

EXPERIMENTAL APPARATUS

The apparatus for this investigation consisted of a water jacketed
cubical outer body, cooling system. power source, and‘a fédr cviinder “
inner body with supporting elements. One outer body sysfem was used
to obtain heat transfer data and temperature profiles while a separa%é:i
system was utilized to photograph flow patterns. The assembled outer”
body and peripheral components are shown in Figure'S.?L" ‘

The outer body in which tests were conduc{ed to determine the
Heat transfer was constructed from 1.27 cm thick, type 6067 aluminum
with an 1nhér 26.67 cm cubical chamber. This was a jacketed design
consisting of a separate 3.175 cm wide rectangular channel for each
~ face 0% the cube. Access to the test chamber was provided throﬁgh
a 25.4 cm removable circular plate on the top inner face and a com-
pletely rémovab1e outer Fage. A closed system consisting of a chiller,

' pump, and sforage reservoir provided water ©to cool the outer body.

The flow raté of cooling water tﬁrough each channel w;s‘contr011ed
by é valve which fed four inlet and outiet ports. This arrangement
éssured uniform flow along the entire face and also allowed the tempera-

_ ture of each face to be controlled independently in order to achieve an

isothermal outer body. The temperature of the inner wall was monitored

by 34 copper constantan thermocouples epoxied 0.3175 cm from the inner




ST

Figure 3.1 Heat Transfer Apparatus
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face. The thermocouples for each face of the cube were connected in
parallel which provided an average temperature for each face.. By con-
trof]ing the flow of the cooling water, all faces could be maintained
within 2 K. | '

To obtain temperature profiles within the test.chamber, the outer
body was designed with nine thermocoupie ports. These consisted of
one common and four additional ports on eagh of two separate axis.

One axis was on a vertical plane through the center of the cube while
the other was the vertical plane through the edge of the éhbe; The
fivg norts in each axis were at 0°, 34°, 80°, 120°, and 160° measured
downward frém the top center vertical axis of the body. Eﬁch thermo-
couﬁ]e port had a center tube which moved through a fixed port tube.
The center tube was a 0.1587 cm diameter stainless steel tube which
carried the copper—constantén thermocouple epoxied to the inner end.
The outer sleeve was a 1.016 cm diame{er stainless steel tube threaded
~into the inner jacket wall, and sealed in both jacket walls with rub-
ber.0-rings. The thermoqoup]e Tead tube was sealed within the sleeve
by a Conax fitting attached to the outer end. A vernier caliper was
modified to attach to the Conax fitting while the thermocouple tubé
was affixed fo the sliding scale. This permitted the location of the
thermocoupie to be established with 0.0025 cm.

The outer body used for flow visualization was nearly identical

to the one previously described. The major difference was that.the
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body was constructed from a clear §o1yv1ny1 and all portions were
painted black except for a Iight source slot placed vertically on one
side and one clear face which allowed photographs to.be taken ofithe
plane which was illuminated by the Tight source. "An identicd] cooling
system was installed and the monitoring and power devices were slaved
from the heat transfer system. |

The inner body design consisted of four identical cylinders and:a
supporting system which allowed it to be symmetrically centered in th;'
inner body. Figures 3.2 and 3.3 show the inner body in”different stééeé
" of construétionu Copper tube (CDA #122) 17.78 cm Tong and 4.115 cm
outside diameter was used to coﬁstruct each cylinder. Each end of the
tube was threaded and end‘caps were constructed from copper plate
(CDA #110) to close the ends. In order to proyide a support system,
fods constructed from type 304 stainless steel 4.191 cm 1ong_and
0.9525 cm 0.D,were threaded into each cylinder at its midlength and
~then connected to a 5.1 cmn diameter polycarbonate sphere. |

The resu}ting inner body configuration was four pardiie] cylinders
in a square array 12.192 cm center to center. The fiﬁa] assembly was
then placed symmetrically centered in the outer body suoported by a
main stem constructed from a 1.27 cm 0.D.type 304 std1n1ess steel rod.
This support stem was designed to thread 1nto the support sphere so that
the entire tube system could be supported either on a hor1zonta] or ver-

tical axis with the unused tap being plugged when not in use. To
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Figure 3.2 Single Cylinder with Heat
Tape Installed

Figure 3.3 Inner Body Partially Assembled




 outer body and was sealed with rubber 0-rings.
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minimize convection Tosses from all stainless steel tubing, the tubes -

were covered with a shrink tube having a Tow thermal conductivity. The
supﬂort stem passed through the jacket walls of the bottom face of the
. R ' !

A direct current power source and pressure sensitive heat tape
provided the heating for the inner body. The heat tape, 09664'cm
thick and 0.32 cm wide, allowed for a maximum of 62 watts per foot un-
der 0perating conditions of from 60 to 533 degrees K. The tape was
applied to the entire inner surface of'each tube and oﬁ:ihe end caps'
utilizing two strips approximately 2.4 meters Tong with each starting
at the midpéint of the tube and wrapped toward the end where it termi -
nated by concentric wrapﬁfng on the end cap. Each end of the heat type
was connected to power leads which were carried inside the support
tubing. Since each\half tube had separate power seurces, it was possi-

ble to keep each cylinder isothermal when in the vertical position.

~Also, a high thermal conductivity copper material for the tubes was

chosen to facilitate isothermality. Once the heat tapes were in place,
they were coated with a silicone caulk which kept them securely in
place and provided an insulated backing and the remainder of the tube
Qpening was filled with fiberglass to ensure that convective currents
would not induce an uneven temperature distribution on the tubes. Each
of the eight heat tape input Teads was connécted to either a 2.0 or 0.5

amp ammeter (depending on the input power) then through variable power
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resistors (35 ohm, 150 watt, 207 amp) and finally to the D.C. power
sources. Vo]tages were read on a.digital voltmeter connected through'
a multiple position switch to the Tow side of each variable resistor.

The temperature of each half tube was monitored by copper-constan-
tan thermocouples epdxied into the wall of the tube approximately
0.025 cm from the outer surfaces. The two thermocouples per tube were
p1aged on opposite sides of the cylinder at the one-quarter and thréem
quarter lengths. The entire system was assembled so that no two adja--
cent tubes had thermocouples in the same position. The~1eads to the
thermocouplies were passed through the support stem system and sepa-
rately connected to a temperature referénce source and digital milli-

voltmeter.

- EXPERIMENTAL PROCEDURE

The following sequence outlines the procedure fowlacquisition of |
heat transfer data, temperature profiles, and visuaTizafﬁbn data. In
'each case the innér bedy was centered in the test‘chamBek and the peri-
pheral cooling system was activated. The cooling was'monifored unti
the outer body became isothermal and equilibrium was estébiished. Al-
thougﬁ equilibrium could be established within 6 to 8 hours, a 1onge‘\r"\'~
time was allotted (24 hours) in order.to fully test and check the seaTs .
on the inner chamber. When it was determined that the test chamber Was

operating satisfactorily, it was filled with a test f]qid, and the;
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desired power (depending on fluid and desired temperature difference)
was ‘applied and adjusted to bring the inner body to isothermal equi-
Tibrium. o
The heat transfer data points required the foilowing méasurements:

(1) Input voltage

(2) Input amperage
(3)" Inner body temperature
(4) Outer body temperature

which were collected for each power setting. Utilizing 16 different
fluid/geometry combinations, 166 data points were obtained;' A Tisting
of the fluids, body positions, and the partially reduced data is pro--
vided in Appendix II. Temperafure g?ofi1es were always taken in con-
junction with selected data runs. FEach of the nine probes was posi-
tioned, in turn, against the inner body (reference position) and were
withdrawn.in increments ranging from 0.013 to 1.27 cnm depénding on the
predicted temperature gradient. Position and thermocoup]e readings
were recorded for 15 temperature profile sets. The above information
was reduced by a computer program which converted thermoéoﬁp1e milli-
volt readings to K and calculated power input in watts. Visualization
studies were conducted with air and the 20 c¢s fluid. Smoke, with air,
and fluorescent paint particles mixed with the 20 cs fluid, provided
‘the tracer particles needed for taking the photognaphv Thé same pro-

cedures for the visualization apparatus were used as outlined in the
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heat transfer data collection.

In order to minimize errors in data, several precautions were
observed. ATl instrumentation was calibrated twice during the teétiﬂg
procedures. Once prior to initial testing of the body-ih the horizon-
tal configuration and, finally, prior to tes%s in the vé?fica]ypositfcn,
Power and cooling water controls were adjusted for each data run so
that the variation in thermocoupie readings in millivolts {(TMVL) for

the inner (I)(outer (0)) body met the following requirements:

TMVL - TMVL
I(O)max (0 min

- TMVLO

=~ 10% R . 3,’?5)‘

TMVLI ) (
min max

The average variation in temperature for either the inner or outer body

~was within 4%, with a maximum variation of 15%.

The heat transferred by natural convection from the tubes was cail-
culated by \

Qconv = SroraL - Qrapation - QconpucTeD . (3.2)

Of the four test fluids water, 99% glycerin, and the 20 ¢s fluid were
opaque to radiation énd the heat loss due to radiation wéS'needed\on1y
for air. The procedure used to account for the heat Toss due to the
inner body support system proved to be complex and is,‘therefore,
covered in a separate discussion provided 1n Appendier; :0nly the

discussion on radiation loss will be presented here. 'This procedure

also accounts for conduction Josses through the main support stem when
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Iair is used-as the working fluid.’

| The heat transferred by radiation Was determined experimentally
‘using the following procedure. The complete inner-outer body system
was assembled and all thermocouple ports were p]ugged‘wifh solid wires.
A vacuum pump was attached to the access tube which had beeri. used to
i1l the test chamber with the test fluids and the chamber was evacué—
ted to Tess than 10 microns.' A minimum of 15 data points were col-
lected over the range of AT's used in this. study. These points were
used in a Teast équares curve fit to develop an equétion which couid
be used to correct all air déta fof radiation and conduction Tosses.
The data points fit the equation with an average deviation of 1.49%
and a maximum deviation of 3.73%. A second radiation calibration was
made for the vertical configuration.

Having determined the heat transfer by natural convection from

the four cylinders as indicated in equation (3.2), a final data reduc-
tion facilitated the deveTopment‘of correlating equations. The heat

transfer (QCONV) allowed the computation of the average heat transfer

coefficient.(h) defined as follows:

_(EPQ_N_V__ | o (3.3)
AC(T1-~T0) s :

h =
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The fluid properties were calculated using the arithmetic mean tempera-

ture
!

- 0 . -
Tavg = —5— (3.4)
and the computer function subroutines Tisted in Appendix I of reference
[14]. An exception to the above was the calculation of the properties
of 99% glycerine which were taken from current Titerature. The specific

heat for 100% glycerine was used as data for 99% was not available. As

observed by Warrington [14], this did not affect the results.




CHAPTER IV
DISCUSSION OF RESULTS

Heat transfer results are discussed in terms of the dimension]es§
parameters defined in équations (2.2) through (2.4) and calculated from
the data acquired from the procedures outlined in Chapter III. .Further
clarification must be made here since the Grashof and Nusselt numbers
were calculated using twoldifferent characteristic dimensions. A hyppn
thetical gap width which has been proven to be a reliable characterisfic

dimension in past investigations [14] waé used and is defined as
L = Ry-Ry N (N 0

where Ry(R;) is the radius of a sphere having the same volume as the

outer(inner) body. Since the inner body was tested in two different ori-
entations, a characteristic dimension based on the boundary Tayer
Tength was defined for each. For the horizontal position of the cylin-

ders, the boundary layer length was defined as

B = g-(Diameter) | {4.2)
and for the vertical position

B = (Height + Diameter) ' (4.3)

with the assumption that for "the RayTeigh number range involved in this
study, there would be no separation of the boundary layer from the body.

The ranges of these parameters are given in Table 4.1. Through flow




TABLE 4.1

RANGES OF THE DIMENSIONLESS PARAMETERS

FLUID RANGE |  Nup Ra; Nug Rag Gry Gry Py
MAX | 21.18 |5.164X108 | 33.50 {4.225x107 |4.831X1065.516X107 {0.7121
AIR - :
MIN | 7.889 |6.353X105 |- 10.57 [.766X10° [8.933X1053.889X10° |0.7086
MAX | 42,17 |1.021x108 | 54.83  [3.748x108 11 936x105[3.419X10% | 3.13%104
GLYCERIN ]
MIN | 10.28 |3.206X10° | 6.353 [7.566X107 |1 449x10!(3.427 1.62X103
MAx | 65.02 16.978x108 | 114.8  #.611x107 11.430x1088.430X10%.{ 10.45
WATER : . 1
MIN | 33.65 |3.639%107 | 21.23 8.586X10° |3.828X10619.053X10° |5.658
, - MAX * | 65.92 [6.887X108 | 138.0 5.17310° .508X10°, .697X107-1 326..0
| SILICONE B — . - R
MIN | 37.50 |3.013x107 | 23.23 [.125X10° {9.840x10%2.328X10" | 187.3

-. G2 -
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visualization resu1tsnthis assumption was found to be accurate and will
be discussed later. Reference to parameters which require a character-
1st%c dimension will be subscripted L or B to‘denote the appropriate
- dimension.
Several equation forms were used to correlate the heat transfer
data. .The following four equétion forms were found to consistently

provide the best results and are used to present the results of this

study:
N, = C RaXCZ , (4.4)
| No,, = C Ra;:CZ K | (4.5)
Nu, = C; RaXCZ r? @)
Nu, = Cq GrXC2 Prc3 (4.7)

where the characteristic dimension (x) could be subscripted either L

or B. Equation (4.5) is in terms of a modified Rayleigh number

* o L
RaX = Ra, R: (4.8)

The constants Cy through C3 were determined by using a standard least

squares curve fit.
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' Geometric effects were- found  to be significant and were generally’
lconsis_tent’among the different fluijds. lThe remainder of the discussion
on results wi11\be covered in the order of geometric effects, heat
transfer results for each fluid, and heat transfer results for all data
combined. Temberaﬁure profiles, flow visualizations, gnd comparisons

with single body. studies will be included in each section as they are

applicable.

GEOMETRIC EFFECTS ON HEAT TRANSFER

When the inner body was -changed from the horizontal to the vertica1‘
configuratidn there was a significant decrease in the heat transferred.
This decrease was exhibited for all fluids, however,.the relative magni-
tude varied for each fluid. The decrease in heat transfer between the
two geometries is most pronounced in the Tow vﬁscosity range (air) and
becomes almost negligible in the-high“viscosity-range (glycerine) as
seen in Figure 4.1. The resulting decrease was 28%, 8%, 8%, and 2% for
-air, water, silicone, and glycerin, respectively, (in order of increas-
iﬁg Prandtl number). This suggests that the fluid viscosity tends to
damp out geometric effects as was postulated by Weber [17]. However,
Warrington [14] found no viscous effect on changing the diameter of a
sphere in the enclosure. This is possibly because his geometric change
was not as radical as that presented here.

The effects of the heat transferred by the Tower cylinder on the .
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upper cylinder in the horizontal pdsition are similar to those observed
by Eckert and Soehngen [8]. The Jower cylinder pfehéated the fluid re-
sy]ﬂing in a reduced capécity of the fluid to transfer heat as the
velocity field carried it around the upper cylinder. The reduced capac-
ity for heat transfer in the fluid is a direct result of the Jower AT
or driving force for heat transfer; When the average Nusselt number for
the upper cylinder was cémpargd to the Tower, the results were 84% of °
the bottom cylinder for air, 70% for glycerin, 89% for water, and 75%
for silicone. Eckert and Soehngen [8] recorded 87% of the bottom cylin-
der using air wifh the distance between cylinders being four diameters..
The resq]ts here are comparable and can be expected to shbw a stronger
effeét since a separation of only three diameteré was used.

Since each half tube was separately heated, a similar analysis was
available for the vertical position. The resulting average Nusselt num-
ber for.the top half of each cylinder was 81% for air, 58% for glycerin,
64% for water, and 65% for silicone when cqmpared to the bottom half.
These results were expected since the length of the high speed flow
along the body is long relative to the horizontal cylinder while the
cross sectional flow area is much smaller. Thus the effect of the’
smaller driving force (4T) for heat transfer is more pronounced in the
vertical configuration than in the horizontal. The evidence of a geo-
metric effect is supported by’bqth an overall decrease in heat transfer

and a reduction in the average Nusselt number when upper and Tower
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halves of the inner body are compared.

A higher heat transfer from the horizontal cylinders as compared'
to the.vertical cylinders results from the ability of the cooler medium
to mix with the preheated fluid as it.rises from the ]ower~cy11ndef.
Figures 4.2 through 4.8 show this effect. The major eddy; as seen in
Figures 4.2 through 4.5, between the two cylinders, results from the
mixing of cooler fluid into the flow. Figures 4.7 and 4.8 show that
this eddy system for air is not as pronounced as for silicone. This
may be a possible explanation for the larger decrease in the average
Nusselt number (28%) as compared to the other fluids since the medium's
cooling. effect caused by the.eddy is reduced. As the temperature of
the cylinders is increased, another eddy is formed at the side of the
~ Upper cylinder indicating the same mixing action. This is evident in
Figure 4.6. The introduction of cooler f1u1d.from the sides and below
was observed in other studies [9-11]. The eddy action as described
was nét evident in the vertical configuration, Figure 4.9. The flow
visualizations in Figures 4.2 through 4.9 also support the assumption
that the boundary layer does not separate from the cylinder with the
exceptfon of the top cap of the vertical cylinder. Correction in the
‘boundary layer length for this separation had no effect on the devié—
tion in fit for the correlating equations.

Two other geometries were studied. The inher body fn both the

vertical and horizontal orientations were rotated 45° about their
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Figure 4.2 Flow Pattern for Horizontal
Cylinders with 20 cs Fluid
and AT = 10.71 K.
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Figure 4.3 Flow Pattern Around Upper
Horizontal Cylinder with
20 cs Fluid and AT = 10.71 K.




S <

Figure 4.4 Flow Pattern Around Lower
Horizontal Cylinder with
20 ¢s Fluid and AT = 10.71 K.
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Figure 4.5 Flow Pattern Around Center
Support Sphere with 20 cs
Fluid and AT = 10.71 K.
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Figure 4.6 Flow Pattern for Horizontal
Cylinders with 20 cs Fluid
and AT = 54.43 K.
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Figure 4.7 Flow Pattern for Horizontal
Cylinders with Air and
AT = 7.67 K.
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Figure 4.8 Flow Pattern for Horizontal
Cylinders with Air and
AT4= 21461 K.
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Figure 4.9 Flow Pattern for Vertical
Cylinders with Air and
AT = 17.01 K.
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vertical axis. This rotation had negligible effect oih the heat trans-
fer. Utilizing the graphs of Nusselt number versus Grashof number for
air, water, and the silicone fluid as shown in Figures 4.10 and 4.11,
the Of versus 45? rotation data points clearly indicate that this geo-
metric change had negligible effeét on the heat transfer results. Al-
though the glycerin data are not presented, they exhibited the same
pattern as fhe other fluids. The absence of any rotational effect was
also evident in the temperature profiles. Figures 4.12 through 4.14 show
show that for the same radial position the profiles for the 0° and 45°
rotation do not change. These plots use dimensionless temperature and
radius ratios and are defined as

poo! ' , (4.9)

ND
T T

where T is the local temperature measured at any radial position and

i
~distance from the support sphere, and

= R .
where R is the local distance from the surface of the support sphere

and R(8) is the distance from the support sphere to the outer body de-
pending on radial position. As seen in Eigure 4.12 for the radial posi-
tion 8 = 120°, a cylinder blocked the trave] of a probe from reaching

the support sphere and,'therefore,‘the dimensionless distance could not
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start at the zero reference point. A1l fluids exhibited the same ef-

fect as shown in Figures 4.12 through 4.74.
I
HEAT 'TRANSFER RESULTS "USING AIR

The data usfng.air as the fluid medium were correlated separately
for both the horizontal and vertical geometries and also for all air
data combined. . Separate correlations for the rotational data (0° and.
45?) are not presented since there was a negligible effect as previously
described. The notation throughout thé‘remainder of this discussion
will consist of presénting a two-part designation in which the fluid
W1]1'b3 given %irst, fo]]owéA:by the axial geometry; i.e., Air-Horizon-
tal;'Air—Vertica1. wﬁén all data are presented the Tast term will be
A1T. The scatter in the data for air, as seen in Figure 4.i3 demion -~
'strates the sametpatterﬁ as described by Warrington [14]. The effect
is pronounced in the 1owe?~temperature range which seems to support
his conclusion that cgéduction and radiation Tosses may become a dowmi-
"nant factor as the fluid and molecular motion are reduced. |

The best overall equation which correlates the heat transfer for

the Air-Horizontal data was

N = 0.999 Ry 0 ORI

with an average percent deviation of 8.42 and maximum perceht deviation

of-18.70. Correlations using either the modified Rayleigh number
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or the boundary Tength provided the.same average deviations due to the

_constant geometry. The air data had the highest average deviation of

all fluids. Th1s can be directly atLr1buted to the heat loss by radia-

tion since a11 of the opaque fluids had a resulting average deviation
approximately one magnitude smaller, as will be discussed Tater. The

best correlation for Air-Vertical was

Nu, = 0.293 RaLO°260 ‘ C (4.12)

with 4.32% average deviation and 19.79% maximum deviation.
The best equation using a single correlation parameter for all air

data was

= 0.466 Ra 0-242 (4.13)

NuB. B ' .

with 6.79%.average deviation. Correlations using fhe hypothetical gap
width resulted in an average deviation of 16.48%. Compared to other |
fluids, air was affected the most by geometric orientation as shown in
Figure 4.1 and its response to a correlation using the boundary layer
Tength for the characteristic dimension as shown fin Figure‘4.15.

Table 4.2 presents aJ] correlations used for all air data combined.
Equation forms (4.6) and (4.7) are not presented in the table since the
set of equations generated by a least squares curve method form an
i11-conditioned set when the Prandtl number is used a&s én independent

parameter. This is a direct result of the very small variation in
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EQUATION

TABLE 4.2

CORRELATION EQUATIONSKFOR AIR-ALL

AVERAGE % DEVIATION

MAXIMUM % DEVIATION

Nu
Nu
Nu

Nu

0.237 RaL0°285
0.203 Rai 0.285
0.466 RaBO-242

0.409 Rag 0.242

16.487
16.487
6.795

6.795

36.212

36.212

22.626

22.626

-8 s
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Prandtl number for the air data. All air data have been plotted in Fig-

ure 4.15 in the form NuL versus Ra; and Nug versus Rag with the best fit

equations which used a single correlating parameter.

HEAT TRANSFER RESULTS USING GLYCERIN

Correlations using glycerin data provided very good results with -
average percent deviations ranging from 0.9% to 8.7% deﬁending on the
equation form used and the particular geometries involved. ‘Usiﬂg the
~gap width instead of-boundary Tength as a correlating bérameter affects
only the coefficients and not the average deviation when aﬁp]ied to .«
separate geometries. Thereforg, only the equations using the gap width
will be presented in the text. The tables will include the coefficients
for equations using boundary layer length. |

The best fit utilizing a single correlating parameter for Glycerin-

Horizontal is

Nu_ = 0.547 RaLO°236 ' (4.14)

and for Glycerin-Vertical

) 0.217 | ‘
Nu = 0.717 Ra; (4.15)

with resulting average deviations of 1.72% and 0.913%, respectively.
Correlations using two parameters improved the percent deviation only

slightly as shown in Table 4.3.




TABLE 4.3

bORRELATIONS FOR GLYCERIN DATA °

ycerin-All

_09_

Glycerin=Horizontal Glycerin-Vertical .Gl
Eg;{;‘ti on Cq ‘ -Cz Gy Co’ Cs. Cq Co C3
Avg % Max % Avg % Max % Avg % Max %
Deviation | Deviation | Deviation | Deviation | Deviation | Deviation
o, = C1R;LC2 0.548 |0.236 | —— |0.711 j0.217 | ——10.595 |0.230 |—
L 1.722 6.216 | 0.912 6.589 2.624 | 7.246
Vo= CoRar 2 0.482 }0.236 | —— 10.633 0.217 | —— | 0.525 |0.230 |——
L L 1.722 6.216  10.913 6.589 2.624 | 7.246
Nu = Copa Zpp 3 10096 |0.299 [0.094 [3.454 [0.162 |-0.086 | 1511 |0.197 ]-0.050
Lo1L 1.638 4,457 ]1.150 | 5.070 2.540 | 7.557
g C]Rchz 0.476 | 0.236 — 0.918 Jo.217 | —— lo.2a oo | ——
1.722 6.216 __10.913 | 6.589 8.714 24.88
Nug= C]Ra*LZ 0.419 ] 0.236 | —— 10.818 [0.217 | _— Q.ao9 0.287 | ——
1.722 6.216 _ 10.913 6.589 8.714 2489
g CTRag PrC3 0.092 10.298 |0.094 [5.066 ]0.162 }-0.086 10.045 Jo0.321 [0.139
- |1.638 | _4.457  |1.150 5.071° | 1.757 11.67
o = C]GrEZPrCB 0.096 |0.298 |0.392 |3.454 [0.162 10.076 |1.511 10.197 |0.146
1.638 4.457 _ |1.150 ©_5.070 2.539 7.557
Moo Coor 2oy 3 10135 | 0.298 10.392 |5.066 [0.162 | 0.076 |0.045- |0.321 |0.461
g™ L1brg . I
1.638 4.457 __ 11.150 5.071 1.757 - | 11.67
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Correlations of a]]_g?ycerinldata was best accomplished using the
ghypothetica].gap width rather than the boundary Tayer when using one
| parameter. As discuésed previously, the;g1ycerin‘data were affected’
very 1ittle by the geometry as a re§u1t of the dampehing effects of
viscosity. The use of the boundary Tayer Tlength as a characterisfic
dimension over-predicts the geometric effects causihg the corre]ation;
based on this dimension to yield a ngher average percent deviation.
Figure 4.16 reveals this over-prediction through a'shift in the vertical
data as seen in the graph oleuB versus Rag. Both water and silicone
were affected in the same manner although to a Jesser degree.
The corre]ations.which provided the best results for all g]ycerin

data were

0.230
L 0.595 RaL

Nu (4.16)

N, = 1.511 RaLO'197 py~0-050 (4.17)

with respective average deviations of 2.62% and 2.54%. Figure 4.16‘pro}
vides a plot of Nu versus Ra and the single parameter correlation equa-

tions.

HEAT TRANSFER DATA USING WATER AND STLICONE-

Water and silicone exhibited similar heat transfer results and
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are combined 1nto\one section. Cofrelations for both fluids yielded
average deviations which ranged from 1.26% to 6.16%. These results
as well as those for glycerin all indicate that correlations for a
single fluid can be expected to yield satisfactory results.
Table 4.4 presents all equations .and geometries for the corre-
Tation of water data. Corré1ations.which provided the best fit of

data using one.and two pdrameters for all water data are

N 0.208 (4.18)

0.888 Ra|

and

0.053 Ragl+310py0:463 (4.19)

Nug

with average deviations of 4.40% and 1.97%, respectively. Figure 4.17
presents all water data and the best fit equation in graphical form.
The dafa for silicone is presented in Figure 4.18 and the result-
ing correlations are presented in Table 4.5. Best fit equations for the

silicone fluid using one and two parameters are

H]

Nu = 0.709 Ra, 0-228 o (4.20)

L L

and

Nug = 0.035 RaBO*308Pr0-284 : (4.21)

il

with average deviations of 4.28% and 1.26%, resbective]y.




TABLE 4.4

CORRELATIONS FOR WATER DATA

Water-Hovrizontal

Water-Vertical Water-A11l
Equation Cq Co C3 G Co C3 Ci Co. C3
Form AVg % Max % Avg % . Max % Avg % Max %
Deviation Deviation | Deviation | Deviation | Deviation | Deviation
o= G C, 0.783 10.217 | —— l1.020 ]0.199 0.888 | 0.208
LTL 1.286 5.069 563 | 2.292 4.401 . 8.013
- 0.696 [0.217 | 10.917 0.199 -|__ | 0.793 |0.208
L L 1.286 5.069 .563 2.292 4.401 8.013.
Nu = C Raczorc3 1.277 |0.200 | -.080 |1.580 |0.183 |-0.076 | 0.318 |0.244 }0.172-
L1l 1.240 - 5.080 0.540 5 997 4.277 8.133
_ ¢ 0.661 10.217 | |1.379 l0.199 | ___ |0.180 |0.293
NuB- C]RaB
1.286 5.0692  |0.563 2.292 6.170. 14.27
T — B )
Nu.= C.Ra* 2 0.588 10.217 {____ 11,235 |0.199 |______ 10.154 10.293
B~ “1
1.286 5.069 0.563 | 2.202 6.170 14.27
C, €3 |1.055 |0.200 |-0.080 |2.226 |0.183 | -.076 |0.053 10.310' |0.463
NUB= C'l RaB Pr -
- 1.240 5.080 0.540 2.291 1.970 4.973
N = C Grczprcs 1.277_{0.200 | 0.120 |1.580 [0.183 | 0.107 | 0.318 ]0.244 {0.4170
Lot 1.240 5.080 | 0.540 2.291 | 4.277 8.133
L C3 0y 055 [0.200 | 0.120 |2.226 [0.183 | 0.107 | 9,053 |0.310 0.773
NuB— C]GrB Pr , ,
| 71.240 5.080  |0.540 2.291 1.970 4.973

._«bg...
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TABLE 4.5

CORRELATIONS FOR SILICONE DATA

Silicone-Horizontal Silicone-Yertical Siticone-All
Equation Cy Y C3 i .| ©C C3 Cq Co C3
Form Avg % Max % Avg % Max % Avg % Max %
Deviation Deviation | Deviation | Deviation | Deviation | Deviation
_ C, 0.795 10.224 | —— 10.769 |0.221 0.709 | 0.228
Nu,= C,Ra
L "1l 0.888 2.985 0.607 2.867 4.284 6.818
C ’ ’ .
N = € Ra 5 0.703 |0.224 | ____ 10.683 |0.221 | |0.627 |0.228 —
0.888 i 2.98 0.607 2.867 4.284 6.818
_ C, T3 |0.404 'j0.242 l0.062 |0.681 |0.224 [0.011 |1.864 |0.202 |-0.090
NuL~ C1RaL Pr ,
‘ 0.815 ~ | 2.672 0.602 2.948 4.196 7.013
Nu-= C.R b2 0.678 |0.224 | —— 10.984 |0.221 | — 10.198 10.296 | —
“BT ¥17%B ' ‘
.888 2.985 0.607 2.867°  |5.912 _115.14
Cropak 2 0.600 10.244 | lo.g73 lo.ee1 | lo.167 |0.296 |
NuB C1Ra .
' .888 2.985 0.607 2.867 5.912 15.14
Co C3 |0.354 |0.242 [0.062 |0.868 [0.225 [0.114 [0.035 {0.308 | 0.284
Nup= CqRag Pr ; ' :
.815 2.672 0.602 2.948 1.256 5.892
Co C3 lo0.204 |0.242 0.305 |0.681 |0.225 J0.236  |1.864 |0.202 | 0.113
NUL= C'l GY‘L Pr - -
0.815 2.672 0.602 2.948 4.196 7.013
C, C3 |0.35¢ [0.242 10.305 |0.868 |0.225 10.236 !0.035 |0.308 | 0.597
Nug= CqGrg Pr .
©10.815 2.672 0.602 2.948 1.256 5.892

o~ LG -
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Results concerning the effects of geometry and fluid properties
have generally the same characteristics as the results for glycerin.
These relationships between fluids and geometries are covered in the

next section.

HEAT TRANSFER RESULTS FOR ALL FLUIDS

In addition to the correlations already discussed, three other
combinations of data were correlated. Data for all fluids were corre-
lated against horizontal, vertical, and both geometries. The resulting
decrease in the accuracy of all equation forms, when comparedito the
single fluid co.rre1at1'ons5 can be directly associated with the Prandtl
number effect. This is evident in Table 4.6 and Figure 4.7.

Table 4.6 includes all correlation eduation forns using data com—:
binations described above. The best fit for all data5 all vertical

data and all horizontal data using the gap width are

Nu, = 0.358 Ray 0-257pr0.0T4 - (4.22)

Nu, = 0.262 Raj 0-268py0.028 | B CX )
and

, - 0.498.RaL0.245pr-0.002 L | (4“?4)'

with average deviations of 8.38%, 4.53%, and 6.92%,,and maximum devia-

tions of ' 40.45%, 18.48%, and 14.74%, respectively.




TABLE 4.6

CORRELATIONS FOR ALL DATA

A?]—Hprizonta] .

Al1-Vertica]l

A1l Data
Equation ¢ -Co C3 Cq Co C3 C]Y Co C3
Form Vg % Max % Avg % Max % Avg % Max %
Deviation Deviation | Deviation Deviation Deviation Deviation
Nu = C.R ¢ 0.496 [0.245 | — 10.264 10.274 | —— 1 0.365 |0.259
LT MR 6.947 15.27 9.340 30.58 9.500 47.71
C, 0.435 0.245 | — lo0.227 lo.274 | — | 0.317 | 0.259 | —
Nu, = C.Ra¥*
L "T7L 6.947 15.27 9.340 30.58 9.500 47 .71 -
C, C3 10.498 10.245 |-0.002 lo.262 lo.268 lo.028 | 0358 lo.257 1o owa
NUL= C]RaL Pr —
| 6.916 14.74 4.531 18.48 8.384 40.453
. C, 0.437 10.245 | ____ {g.300 |0.274 | — 1 0.8 |0.275 |
Nug= CRag & :
6.947 15.27 9.340 30.58 9.305 28.63
Nu= C Rt 2. 0.383 (0.245 | 10,259 |0.274 | — | 0.246 |g.275 |- _
BT 6.947 15.27 | 9.340 30.58 9.305 28.63
e R c2P C3 |0.438 10.245 |-0.002 |0.302 j0.268 [0.028 | 0.277 |0.274 |q.012
“B” 1% 6.916 14.74 4.531 18.48 8.437 24 .85
N = C GrCZPrC3 0.498 10.245 | 0.244 |0.262 |0.268 [0.207 | 0.358 |0.257 [0.271
ULT ML 6.916 14.74 4531 18.48 8.384 10.45
e C G'CZP C3 10.438 |0.245 | 0.243 |0.302- [0.268 [0.297 | 0.277 lo.2724 lgo.786
Up= r r -
B 1B 6.916 14.74 | 4.531 18.48 8.437 24 .85

_69 -




= 60~
As mentioned previously, the correlations for single geometries
were not affected by the change from one characteristic dimension to
another. Correlation of all data indicated an éppreciab]e improvement
when the boundary layer length was used, resulting in an 8.44% average
deviation and 24.85% maximum deviation versus 8.38% and 40.45%, respec-
tively, for correlations using the gap width. The best equation for a?T

data was

Nuy = 0.277 RaBO'274PrO°0]2 . (4.25)

The relatively small value of the exponent associated with the Prandt]l
number suggests that this term can be dropped without appreciable Toss

in accuracy. The resulting equation

Nu, = O.286-RaBO'275 (4.26)

B

has a 9.30% average deviation and 28.63% maximum deviation. Figures
4.19 énd 4,20 provide a plot of all data against the best fit equations
using a single correlating parameter;A' |

Warrington [14] provides one of the most exhauétive studies‘in
heat transfer in enclosures to date. In correlating several single
body geometries, fluids and outer body geometries, he found that the

best single parameter equation using the gap width was

Nu, = 0.181 Raf0-282 ‘ (4.27)
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with an 18.67 average percent deviation, and the best fit using the

'boundary layer Tength was

Nu, = 0.585 Ra§°°236'. (4.28)

with a 14.75% average deviation. The data encompassed by this investi-
gation were correlated with the above equations and resulted in 13.04%
and 20.34% average deviations, respectively. However, this required a
redefinition of the boundary 1ayer‘1ength to include the total boundary
Tength for all four cylinders. Corre]afions using the boundary layer
Tength for one cylinder as used in this study provided unacceptable re-
sults when applied to the equations for single bodies which have been
developed by Warrington. These equations with current data fitted to
them are provided in Table 4.7. Even with a redefined boundary Tayer
length, the re1ative1y Targe deviation from-équation (4.28) and the
élightly larger differences as seen in Table 4.7 for correlations using
fhe boundary layer diménsion, suggest that the heat transfer is compli-
cated by the muttiple body geometry and the tendency to over—prédict

these geometric effects as previously discussed.




TABLE 4.7
FIT OF DATA TO PREVIOUSLY DEVELOPED EQUATIONS

The following equations were extracted from reference [14]:

EQUATION AVG % DEV. CONDITIONS FOR USE

1. Nug= 0.585 Ra§0’236 14.75  Single imner bodies (cube, sphere, and cylinder) with

spherical and cubical outer bodies using all fluids.

2. Nug= 0.248 Ra"-2%8 15.80 M1 luids and fnner bodies using a cubical outer

3. NuB= 0.578 Ra’éo'239 14.49 ﬁ]l %1u1ds and outer bodies using a cylindrical inner
ody.

4. Nu = 0.188 RaLO'?82 18.67 Samz a§ equation 1.

5. Nu = 0.151 Ra?-2%° 17.74  Same as equation 3.

Results of fit to these equations for current data:

EQUATION 1 EQUATION 2 EQUATION 3 EQUATION 4 EQUATION 5

Avg % |Max % |Avg % [Max % |Avg % [Max % |Avg % [Max % Avg % |Max %
DATA Dev. Dev. Dev. Dev. Dev. Dev. Dev. Dev.  |Dev. Dev.

ALL FLUIDS
HORIZONTAL

ALL FLUIDS
_|VERTICAL

11.77 | 24.17 | 7.966 | 22.06 | 7.760 | 20.82 | 17.11 | 34.94 | 16.78 | 36.77

28.91 | 41.81 | 22.27 | 36.04 | 24.76 | 38.14 | 9.785 '{ 30.42 | 9.310 | 32.81

ALL DATA 20.34 | 41.81 | 15.12 | 36.04 | 16.26 | 38.14 13.4§ 34.94 7‘13,04 ?6.77

.= 79 -




; CHAPTER V.
CONCLUSIONS AND RECOMMENDATIONS _

This study was initiated primarily to extend the data available
for heat transfer in enclosures to more complex inner bddy geometries.
Previous investigations by Bishop [18], Scanlan [19], Warrington [14],
and Weber [17] provide a complete analysis of common single body shapes.
This investigation has expénded that area by determining the natural
convection heat transfer between a set of four isothermal cylinders and
a cubical enclosure. The results have pointed out the importance of the
geometric effects for multiple bodies and the accuracy with which heat
transfer can be correlated fér mahy inner and outer body geometric
combinations using only a few simple equations. '

Of the geometries studied there appeared to be no appreciable
effect due to rotation of the inner body about its vertical axis. How-
ever; a significant di fference was noticed between the vertical and
horizontal configuration of the set of cylinders. The vertical position
showed a decrease in the heat transferred relative to the horizontal
position. This was attributed to a complex interaction between the
boundary layer length, the flow patterns which resulted from the geome-
try, and the cross sectional area exposed to the upward flow. These
geometric effects were noticed to decrease with increasing Prandtl
number. As the Prandtl number increased tﬁe average percent error
decreased from approximately 16% to 1.8% depending on the equation form

used. Data at the lowest Prandt! number (air) responded to correlations
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better when the geometric effect was téken into account by using the
boundary Tayer length as a characteristic dimension whereas correla-
tions for‘g1ycer1n provided best results using fhe‘hypothétfcaT gap
width for all inner body positions,l The midrange Prandtl number
fluids (water and silicone) exhibited nearly identical results for all
equation forms. Many equations were developed to correlate the heat
transfer data. These have been provided in tabular form and in néar]y
all cases are accurate to within a few percent. Of most importance is
the capability to predict the heat transfer over a wide‘Prandt1 number

range and for several geometries. The foiiowing equation:
Nug = 0.277 Rag0-274 py0.012 | (5.1)

. provides acceptable results when computing the heat transfer for a set
of QyTinders.to an encJoéuré,‘ Computational effort can be somewhat

reduced by using
Nug = 0.286 RaBO'275 (5.2)

with only 1.0% reduction in accuracy. Similar results are available
for corresponding equations based on the hypothetical gap width (L).
Using previous correlations, the data were correlated and‘the
average deviations compared. MWarrington [14] concluded that equations
developed in his investigation could be exténded fo most geometries

within certain 11hits of Rayleigh ndmber and gap width. 1In all
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equatioﬁs using the gap width, the data here supportéd this conclusion
with averagé.percent deviations well under those indicated in Table 4.7.
Correlations using the boundary layer length pfoved_to be somewhat
above the average deviation qnd again point out the geometric problem
involved when multiple bodies are used. Evidence, herein, indicates that
any appreciable departure from the geometries studied here and previous-
ly, will provide the best results when the. correlations based on éap

width are utilized.

RECOMMENDATIONS

A Togical prdgressjon beyond this study would include increasing

the number of cylinders and varying their spacing, diameter, and iength.
This extension would move the app]iéabi]ity of the correlations to
direct industrial application. For practical use of the data base for
heat transfer in enclosures, consideration of other multiple geometric
shapes such as plates needs to be investigated.

The heat transfer problem for bodies in enclosures is associated
Qith a fluid flow problem.. In many cases the heat transfer problem can
be solved experimentally without a complete understanding of the flow
problem. However, as the geometries become more complex, a more detail-

ed study of the fluid problem must be considered.
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APPENDIX I
HEAT LOSSES FROM THE INNER BODY SUPPORT SYSTEM

Since the primary purpose of this study was to determine the heat
transfer from four isothermal cy}inders a solution for the heat Tosses
attributed to the. support system was required. Although this system
was\desﬁgned-to be as small as possible the amount. of desired instru-
mentation was the dominant criterion in sizing the support system. As
pointed out in Chapter II, all materials used in the cénstruction of. the
support systgm were chosen to minimize the heat transfer from that sttem

to the test fluid. Convection, conduction, and radiation losses were

considered.. Since radiation and conduction losses for air were discussed

_ in Chapter III, only the conduction and convection losses for the other

fluids are detailed here. _
Initially, it was assumed that only a small amount of heat would be

convected from the support system, especially from the support sphere.

quever, experimental investigation indicates that the sphere was being

heated by natural convection from the test fluid in the chamber.

A study was conducted by embedding two thermocouplies in the sup-
port sphere. The first 0.125 cm from the outer surface and a second

1.5 cm into tﬁé sphere. A comparison of the two temperatures indi-

. cated that the surface of the sphere was an average of 0.8K hotter

than the inside and reached a maximum of 1.1K hotter at higher AT's,

thus providing evidence that the sphére was heated by the fluid rather

than by the support system.
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Flow visualization studies also indicated that the sphere was
being heated. Figures 4.5 and I.1 show the flow patterns arbund the
support system. Figure 4.5 represents the body.in the horizontal posi-
tion. There was no perceptible fluid movement around the main support
stem, the bottom of the sphere, or the top of the sphere. The flow
around the rods which connected the cylinder and the spheré can be at-
tributed primarily to the higher speed flow from the cylinder. Thel ’
 flow pattern leaving the top of the Tower cylinder was observed to bend
toward the sphere. However, this phenomenon appears common as it can
be seen in reference [3] where the support system did not interfere with
the flow patterns. This is probably caused by the cool air being drawn
into ;he convective pTume as described by other similar flow visualiza-
~ tion studies [10, 11). The resulting flow patterns around the upber
cylinder indicate thét_the support sphere did not appreciably affect
~ the overall fluid movement. |

Fjgure\I.1 répresents the flow pattern in the vertical plane cen-
tered between iwo adjacent vertical cylinders. The flow around the
sphere was induced by the higher sbeed flow which resulted from heating
by the cylinders. - The center sphere appeared to direct the fTow where-
as a more turbulent eddy would probably éxist in 1ﬁé absence. Although
this effect is not comp]ete]y.predictab]e, the majority of heat trans-
fer occurs within the high speed flow region along the wall of the cyl-

inder and the presence of an eddy in the center of the geometry would
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have Tittle effect on the overall heat transfer as evidenced by pre-
vious investigation [14]. '

These experimental observations and resulté support the conclu-
sion that the support system is being heated by convection from the
cylinders. Therefore, there is 1ittTe or no heat transfer from the
support system.to the test fluid.- A study of the possible heat loss in
the absence of the effects outlined previously presents a major diffi-
culty. However, the following simplified approach indicates that in the-
absence of heating of the suppowrt sphere, less than 0.4% of the total
input power would be convected by the sphere. The following assumptions
are required in this analysis:

(1) That the sphere is isothermal and its temperature is that
measured by the outer surface thermocouple.

(é) That all of the heat leaving the cylinders through the con-
necting rod is conducted to the sphere.

(3) That the heat leaving the sphere through the main support
stem is conducted to the outer body.

From‘Figure I.2 the resulting heat balance is:
Qconv ouT = Qconp IN - QconD ouT. (1.1)

The thermal conductivities and areas are known and by using experimental
values for the temperatures, Qcgny our can be calculated. These calcu-

Tations were carried out and it was determined that-

Qcony ouT

Qora. * 100 5 0.4% . (I.2)
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'In the absence of heating of the 'support sphere the heat transfer from
~the sphere to the test fluid could be considered negligible.
| Conduction heat Toss from‘thehtest apparatus was calculated using
a one-dimensional analysis of the conduction of heat from fhe support
. sphere to the outer body through the main support stem and the wiring
which it contaiﬂed; The following equation was used in this calcula-’

hY

tion:
CKehe g KapBepn ki 'A‘ '
QCOND = _87s *F C§1CC * Thtl1thtd (TS - To)- . (1.3)

which was adapted from reference [14]. This correction was not neces-
sary for air since the calibration for radiation Tosses included the y

conduction losses through the main support stem.




APPENDIX II
DATA IN THE PARTIALLY REDUCED FORM
The following data were partially redﬁced using a-computer program
on the Xerox Sigma VII computer system:

TERMINOLOGY

NGEOM is the body position identifier

NGEOM = 1, Tubes Horizontal and 0° Rotation
NGEOM = 2, Tubes Horizontal and 45° Rotation
NGEOM = 3, Tubes Vertical and 0° Rotation
NGEOM = 4, Tubes Vertical and 45° Rotation

JFI is the fluid identifier

JFI = 1, Air

JFI = 2, 99% Aqueous Glycerin by Weight

JFI = 3, Distilled Water

'JFI = 4, Dow Corning Dimethylpolysiloxane (20 centipoise

at 25°C)
TAVGI is the average inner body temperature in Kelvin
TAVGO is the average outer body temperature in Kelvin

QCONV is the heat transfer from the tubes by natural convection
in Watts

QLOSS is the heat loss due to conduction and radiation in Watts
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NGEOM FJI TAVGI TAVGO QCONV QLOSS
-1 1 3008911 275.8293 108257 4o5495
[ 1 3209531 2762092 21.8596 8-7T71Y
i 1 320.8317 2761453 212224 B5714
1 ! 335.5232 276.2732 366386 122767
i 1 3691121 2765120 53.6764 217092
1 1 291.8083 2777761 4.8666 27856
1 1 3515647 2767847 41.08307 165462
1 T " 312.6440 2771636 163869 69135
1 i 3265227 2765759 24.8598 12.0692
1 1 3607214 278.0186 45.6148 191301
i 1 341.5488 2771040 33.8734 138197
1 1 2947517 2766909 7.0222 3.3645
i 1 306.2866 2767847 130315 55967
1 2 3037593 279.1641 122-.-9632 1.1178
1 2 2925134 278.4729 34. 4389 e 5644
1 2  297.3137 279.4055 54,2133 « 8142
1 2 308.8235 2813201 1320711 1.2931
i 2 312.6350 280¢.7588 i162.893%9 14852
H 2 324.9409 284.0703 263.7348 1.90665
1 2 3309578 286.3162 317-.5320 2.0786
1 2 33500024 288.2358 34766849 201959
1 2 356.3562 294.6887 611.4028 2.8638
1 2 3747368 299.3354 9035037 34736
i 2 33%9.8726 289.5476 4P2.3882 2.3336
! 2 36854402 298.5015 789 .8862 3.2268
1 a 359.7625 291.31%9 6845491 3.1833
i a 3173740 281.0G544 2057657 16954
1 3 287-.1511 2797654 145.2637 3934
i 3 295.6953 ‘283.1172 387.2454 s6403
1 3 305-7287 2887395 5691917 «B966
i 3 312.4858 292.6829 1213015 1.02085
1 3 3192529 2962654 9104226 11814
1 3 321.8118 286.7583 84291764 - 7678
i 3 2914773 281.4172 227.9674 a5143
1 4 308-.08322 2808.0361 201.9373 1e47162
1 4 3179199 2807419 301-9424 19580
1 4 3405874 283-.6633 5317197 3.0245
1 4 3705811 292.4p72 B29.9453 4.0854
1 4 365.8000 293.6790 7433945 37669
1 4 360.1775 2926709 67%.6592 35273
1 4 354.6006 292.4978 6135542 " 32534
! 4 302.5850 2796553 160.1241 12175
1 4 312.1499 281.0840 239.4488 1.6637
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NGEOM  JFI TAVGI TAVGO QCONV QLOSS
1 4 32406235 283.6130 34364346 2.1734
1 4 331.2688 285.6982 393.8181 24187
1 4 3377014 287.3083 4576252 2.6674
1 4 288.1125 279.8755 43.8588 o 4388
1 4 2917405 280.1040 6503452 6070
i 4 2963330 279.2913 108e3142 - 8841
2 1 319.6648 2799177 23. 0483 8.3035
2 1 299.8113 281.1008 8.4386 461319
2 1 347 « 5947 279.5200 4408582 15.2181
2 1- 331.0989 278.3269 33.2602 11.0470
2 1 289, 1899 2776572 48014 203144
2 1 3100530 28061799 157129 61914 .
2 1 314.6541 2784941 20.5415 72411
2 1- 3@3.2754 279.5329 119163 4.8593
2 1 292.8750 2789268 6-1841 2.9309
2 2 3234746 284.1331 284.6227 1.8399
2 2 3375393 285.8862 389.9072 2.3603
2 2 296.5020 281.8723 52.8402 « 6937
2 2 3F9.4761 280 .6448 1397749 13565
2 2 318.1292  28B4.1836 1937496 16995
2 2 330.6033 286.7375 302.4075 2,.@#301
2 2 305.2446 283.5879 97.6798 1.0373
2 2 352.3059 289.9326 56(0740 2,8257
2 2 362.9478 293.3992 T04e 1601 301441
2 3 290.4514 282.2388 182.8857 43014
2 3 293.R064 281.1768 369+6936 06448
2 .3 299, 4487 282.3479 49444037 s 8925
2 3 305.3650 2985.7651 63401375 1.0346
2 3 3104653 26708286 7975591 11863
2 3 1 292.9460 281.9902 268+ 0454 «5735
2 3 896.7964 28301807 372.1580 7224
2 3 303403848 286.7625 558.98488 «9285
2 4  287.3447 279.0793 4303143 o 4@ 1
2 4 296.0232 28R .5225 96+5606 8321
2 4 320.8269 284.5857 293.9196 1.9365
2 4 3107966 283.4495 200 .8837 14569
2 4 344.0618 287.3291 5274548 30162
2 4 328.7891 282.3818 396+.6@91 2.4628
2 4 353.7625 285.9780 664.4192 3.5772
2 4 3716707 293.5759 829.9480 41015
3 1 318.6970 28702349 13.8114 19.4@12

.3 1 335.6062 279.9475 220749 29.9733
3 1 350 1421 281.08332 28.6585 39,9838
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NGEOM JFI TAVGI TAVGO QCONV QLOSS
3 1 363.3445  281.2991 35.8345 498613
3 1 315.4006  281.1428 11:6626 174667
3 1 2871294  286.8137 1.2154 29484
3 1 289.2085 27807485 3.2904 3.94%3
3 1 296.5571 281.3118 3:8881 7.3987
3 1 3@1.8481 2805520 63676 10.0791
3 1 308.2061 280.0532 9.3484 13.4702
3 1 313.9126  288.3787 11.5619 16.6358
3 1 332.2793  280.3577 201363 27.7850
4 1 3314878  279.3420 20.2283 2703581
4 1 338.9121  279.53369 23.7913 32.2577
4 1 287.8286 278.6807 2.6401 3.3185
4 1 293. 1897 278-6081 404281 5.8361
4 1 299.5920  279.248¢& 65169 6+9935
4 1 - 306.3049 2796130 8.7636 12.4840
4 1 3478640  280.2561 28.0481 38+4469
4 1 312.6084 2787358 122537 15.9819
4 1 321.4600  279.9939 15.0014 21.1026
4 1 357.3816  279.9431 33.6312 45.4242.
3 2 299.0647  282.6301 67.2570 “BaLl
3 2  3p6.3892  282.5583 1066698 1-2141
3 2 322.6948  285.6233 216.6268 1.8451
3 2  329.7690° 287.3833 277.1313 2.0588
3 2 351.9438 292.1392  520.5908 2.8736
3 2 317.5198  286.1411 170.2231 105451
3 2 35603040  289.7793  683.5659 3.1702
3 2 344.4456 2904128  429.5911 2.6027
3 2 337.0203 2901853  340.4197 2.2685
3 2 310.7161 282.9326 132.7079 1.3648
4 T2 31M.4563  282.9746 131.9876 1.3619
4 2 295.6399 2773340, 6266259 <9001
4 2 303.0332 276.8955 107.7386 1.2999
4 2 339.6428  279.8203  433.8677. 2.8463
4 2 349.2419  285.3135 525.2690 3.0003
4 2 314.2004 280n.1716 172.4135 1.6599
4 2 320.7068  281.2695 223.6218 1.9189
4 2 327.3267 282.8066 2791997 2.1456
4 2  333.6094 . 283.4744  341.1960 2.3929
4 2  355.2383 286.5537 605.6628 3.2239
3 3  301.4688  285.9573  420.6980 <8378
3 3  305.0125 287.5078  566.5647 <9388
3 3 288.7729  281.1851 1469450 24298
3 3 201.1991 « 5327

291.0964

. 281-.60825
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NGEOM_JFL __ TAVGI TAVGO QCONY QLOSS
) 3 3 294.2039 282.6887 265.,4355 « 6297
3 3 311-.0024 288.7380 7187839 1.1941
3 3 37092036 289.9534 604.7532 1.23@3
3 3. 299.40363 26863120 332.0325 27019
4 3 312.3911 2906938 7134114 11699
4 3 3102861 29103413 6076108 1.0336
4 3 307 4050 2934543 509.3381 09107
] 3 295.2683 284.1206 263.8301 « 5994
4 3 290.4421 283.2729 146. 3833 . «3999
4 3 292.7297 2836550 20P-.8616 « 5089
4 3 297 - 6902 OR8N .4138. 335.0520 « 7292
4 3 301.1409 285.5645 4207329 - 8429
-3 4 29036375 2801335 56,1322 « 53922
3 4 299.7778 281.5396 108.5977 10027
3 4 309.3889 2826677 1798355 14913
3 4 294,47 17 28G. 1040 8@. 1735 « 71282
3 4 32003229 283.5542 270.4939 20173
3 4 .332.3250 285.4182 376.2566 2:9769
3 4 338-8718 286.5081 435. 1294 2.86%6
3 4 345.7432 287.8032 5239207 31737
3 4 303.4990 2810417 143.5284 1.2598
3 4 313.9126 282.1628 225.7859 1.7662
3 4 324.8999 283-.2393 3207139 2.2886
3 4 3508672 287 .0830 56828033 35009
3 4 359. 8857 2904901 6433804 38056
3 4 313.6216 281.5437 22444359 17595
4 4 3607106 2908716 6432082 3.8168
4 4 291.4341 2806196 568972 «5953
4 4 299. 1226 2818671 1764021 l1.0082
4 4 3084937 2814678 179.8742 14766
4 4 319.491¢ 282.9075 268.98%7 1 20068
4 4 331.6375 284.5940 3763459 2.5782 .
4 4 312.8015 280.6997 224.6364 1.7675
4 4 296.3948 281.9187 813393 " 7880
4 4 325.3047 283:.4368 321.3735 202981 :
4 4 3053259 282.8655 144.4204 1.2498 ‘
4 4 3449695 287.2000 499. 1257 31745
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