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Abstract:

Natural convection heat transfer from .isothermal cubes and cylinders concentrically .located within an
isothermal cubical enclosure was investigated. Four fluids (air, water, 20 cs silicone oil, and glycerin)
were used in the test space in conjunction with seven inner bodies. Heat transfer data and temperature'
distributions were obtained.

The independent correlating parameters used in this study were the Rayleigh and modified Rayleigh
numbers (both based on the hypothetical gap width, L, the boundary layer length, b, and the diameter,
D), and the hypothetical gap width ratio. The ranges for these parameters were: [Formulas not captured
by OCR] Temperature profiles were taken at five angular positions in two vertical planes. The fluid
temperature dropped gradually directly above the body, but all other angular positions demonstrated a
sharp decline in temperature to very near the wall temperature within a short distance of the inner body,
indicating the small effect of the enclosure on the heat transfer.

The heat transfer data were compared to the equations for natural convection within an enclosure and
for natural convection in an infinite atmosphere. The best equations for the two regions were: Nub =
.585 Rab”*.236 (enclosure [10]) 25 Nub = .52 Rab”.25 (infinite [1]) For the range of L/R. considered,
these two equations differed by a maximum of fifteen percent in their prediction of the heat transfer.
Correlations were improved by using the equation: (L/R)i = 1.26(Rab)*.0593 i as the criterion for
switching from the' enclosure equation to the infinite atmosphere equation.
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NOMENCLATURE -
Symbol . " Description
a Any characteristic length '
Ay ‘ Sufface area of the inner body
b Bistance traveled by the boundary layer around the inner
body
e
Cl—3 Empirically determined constants
CP Specific heat at constant pressure
D Diameter for a sphere or cylinder, side length for a cube
f _ Denotes function
g Acceleration of gravity, 32.174 ft/sec2
2 3,2
Gr Grashof number, p~ gB(T. - T )a /u
a i o}
h Average heat transfer coefficient, qconv/(AiAT)
k Thermal conductivity
2 Height of a vertical plate or cylinder
L Gap width or hypothetical gaﬁ width, Ro - Ri
Nu_ Nusselt number, h a/k
9eond Heat transfer by conduction
q Heat transfer by convection
conv :
Pr Prandtl number Cpp/k
T Radial position measured from the center of the test
space :
- r - x,;(0)
T

Dimensionless radius, = q
. r (8) - r;(8)
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Ra
a

Rg

H|

viii

Nomenclature (continued)

" Description

Distance from the center of the inmer body to the surface
of the inner body

Distance from the center of the outer body to the surface
of the outer body

Hypothetical radius, defined as the radius of a sphere
having the same volume as the body in question (inmer and

outer body, respectively)

Rayleigh number, ngB(Ti - To)a3 Cp/uk

"Modified Rayleigh number, Raé(L/Ri)

Ratio of characteristic dimensions

-Local temperature

T -T
0

T, - T
i )

Arithmetic mean temperature, (Ti + TO)/Z

Dimensionless temperature

Inner body temperature

Outer body temperature
Teﬁperature difference, Ti - To
Thermal expansion coefficient

Dynamic viscosity. -

Ratio of circumference of circle to diameter, 3.14159

Temperature probe angle

Density . -
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ABSTRACT

Natural convection heat transfer from.isothermal cubes and cylin-
ders concentrically -located within an isothermal cubical enclosure was
investigated. Four fluids (air, water, 20 cs silicone oil, and gly—
cerin) were used in the test space in conjunction with seven inner
bodies. Heat transfer data and temperature distributions were obtained.

The independent correlating parameters used in this study were the
Rayleigh and modified Rayleigh numbers (both based on the hypothetical
gap width, L, the boundary layer length, b, and the diameter, D), and
" the hypothetical gap width ratio. The ranges for these parameters were:

9.91'+10° <'Ra, < 5.98 - 10° 2.26 - 10° < Ra¥ < 4.35 - 100
4.14 - 10° < Ra_ < 1.42.- 107 4.77 + 10° < Ra# < 4.03 - 10"
2.92 + 10" < Raj < 9.02 - 10° 2.28 < L/R, < 5.89

Temperature profiles were taken at five engular positions in two
vertical planes. The fluid temperature dropped gradually directly above
the body, but all other angular positions .demonstrated a sharp decline
in temperature to very near the wall‘temperature within a short distance
of the inner body, indicating the small effect of the enclosure on the
heat transfer.

The heat transfer data were compared to the equations for natural
convection within an enclosure and for natural convection in an infinite
atmosphere. The best equations for the two reglons were.__

.585 Rab,236 (enclosure [10])

Nub = .52 Rab'25 (infinite J11])

Nub

U

i

For the range of L/R. considered, these two equations differed by
a maximum of fifteen percént in their prediction of the heat.transfe;.
Correlations were improved by using the equatiomn: :
L= 1.26(Ra,)
R.
i
as the criterion for switching from the’ enclosure equation to .the 1nf1— o
nite atmosphere equation. :




CHAPTER I

INTRODUCTION

Maﬁy éfﬁdies have been abpe in :the past concerning‘napﬁral convec-
tion heat transfer into é'fluid medium of infinite extent. More recent-
ly several studies have examined natural convection heat £ransfer to an
enclosed fluid, where the convective motion is limitedl Useful equa-=
tions Have been developed for each case.

One difficglty often encountered in using these empirical equations
is determining the range of gap width ratios over ﬁhich the equations
for convection Within an enclosure'are,appliéable.; Another difficulty
is determining how lérgé an enclosure has to.be relative to the enclosed
body in order for the equations.for heat transfer into an infinite
atmosphere to apply. The object of this study was éo examine ‘heat
transfer within an enclosure, increasing the gap width ratio over that
studied previously to determine the bounds within which each set of
equations is applicaﬁlé.

First, the existing equations Wére analyzed to dete?mine the range
of gap width ratios .which would most likely form the bounds for the two
sets of equations. Bodies of varying sizes were'built to cover the
range of gap width ratios required by the analysis,

9

The analysis showed that for Ra, ranging from lO5 to .107, the

b

transition from the enclosure equations.to the infinite atmosphere

equations would.occur within a range of gap width ratios between 2.5

and 5.0. The inner bodies built for use in the 10.5 inch cubical outer




body includéd cubes (2.28.§_L/Ri < 4.25) and cylinders (2.84 j_L/Ri_i
5.89). Four fluids were used, yielding Prandtl numbe?s'from .704 to
10189. These included air (.704 < Pr < .712), water (3.17 < Pr < 10.16),
20 cs silicone oil (94.8 < Pr < 269) and 96 percent aqﬁeous glyéerin-
(250 < Pr < 10189). The 20 cs silicone oil is a Dow-Corning 200 sili-
cone fluid with a kinematic viséosity of 20 centistokes at 25° Celcius.
 The data from this experimental work was compaféd with previous'
studies for both free convection §i£hin an enclosure and free convection
_into an infinite atmosphere. Empirical equatiomns weré deriveé from the
data obtained in this investigation. More important, however, was the
analysis of how well this data fit the equations de?ived in previous
studies and the development of criteria for determining whether a system
should be considered enclosed or infinite. This information will
increase the acceptability of extrapolating the existing enclosure
equations and infinite atmosphere equations for use in the -transition

region where the gap width ratio is 1;rgef




CHAPTER II

LITERATURE REVIEW

1

.Studies have been made.concerning natural convection heat tranéfer
from three-dimensional bodies, .both Within enc;osures;.whereqthe cohvec~—
tive motion is limited, and in-an infinite.atmosphefe, whére there are-
no extermal constraints.on the.fluid movement. |

Extensive research has been done on the infinite .atmosphere case.
Cofrelation of experimental data shows that .the Nusselt numbgr is a

. function of the Grashof and Prandtl numbers.{1]; that is:

Nua = f(Gra{ Pr) . -(2.1)
" ha :
where: Nua = (Nusselt number)
8 23 AT
Gr_ = —B—é—%—— (Grashof number)
H

. uc

Pr = —EB (Prandtl number)

and a is some characteristic length dimension.
%( If the inertia of the fluid is small, .the dependence of .the Nusselt

number  on the Grashof and Prandtl .numbers is such that the Nusselt num-

- ber correlates well with the preoduct of the two:
Nua yé.'f(Gra°Pr)

By defining the Rayleigh number as.the produét_of the" Grashof and Prandtl

numbers, the equation becomes:




Nu_ = f(Raa) (2.2)
. c&Bp2a3gAT
where: Raa = Gra Pr = =

Correlatiqn of data taken from a variety of shapes by Nusselt,
McAdams, and King [1] shows that, .for Ra>104, equation (2.2) can be

. approximated by:

- . . .25
SNy # .52(Rap) _ (2.3)

where the characteristic dimension, D, is the diameter for cylinders and

spheres, and the side length for cubes.

In a study .restrictéd to horizontal pipes in air and water, McAdams

.[2] recommended the dimensionless equation:

B .25
Nup = .53 (Ray) | (2.4)

be used for Ra ranging from lO3 to 109. McAdams also giyes the results

of an analytical study by Hermann, which yielded .the equation:

- _ .25
Nu, = .4O(RaD) : (2.5)

Lienhard . [3] did both theoretical and experimental work on. external
free convection using a variety of shapes. He equated the drag force of
the body on.the boundary layer with the buoyant force of .the boundary

layer on.the bédy and .derived the'equation;




- .25 .
Nub = .52(Rab) (2.6)

He experimented with vertical plates, horizontal cylinders, and spheres
and found that the equation accurately predicted the heat transfer. ﬁe

also recommends éhe use of the length of travel by the boundary layer as
the characteristic length diﬁeﬁsion when calculafing the Nusselt and

«

Rayleigh numbers.
Amato and Tien [4] experimented with -isothermal spheres in water °

and obtained the relation:

_ .25 - ’
NuD = 2+ .SO(Rab) (2.7)

for 3-10°<Rap<8+10° and 10<Nu <90.

Yuge .[5] also worked with spheres and recommended the equation:

_ .25
NuD = 2 .392(GID)

for l<GrD<1052
Holman [6] extended Yuge's work to include Prandtl number effects,

yielding

) _ ﬁzs‘ . ‘
Nuy = 2 +-.43(Rap) . ) (2.8)

Kreith [7] derived .the.equation for the average Nusselt number to

bé:
.25
L

Nu, = ..555(Ra,) : (2.9) .




for 10<R32<109’ for vertical plates and cylinders. The length dimension,
L, is the vertical length of .the piate or cylinder.

A few studies have been.done on natural convection within gn.enclé—
sure. These show tha£ the éame dimensionless parameters.fhat-we?e used
to correlate convection to an infinite atmésPhere:(thg Nusselt, Grashof,
Prandtl, and Rayleigh numbérs) alsq work well in correlating the results
' of experiménfs on convection @ithin an enciosure. In addition, some |
dimensionless ratio'of characteristic dimensions ié.needed. The general
form of the equation ié the same as eqﬁétion (2.1),-With;the ratio of
characteristic dimensions (Rg) added és an additional'paraﬁeLer. for

convection within an enclosure, the general form is:
Nua = f(Gra,Pr,Rg) (2.10)

Except for .when the fluid inertia is high (as in liquid metals),
the Rayleigh number can again .be substituted for the product of the

Grashof and Prandtl numbers,.changing the'general.form to:
: = .11
Nu =~ =. f(Raa,Rg) (2.11)

Scanlén; Bishop, and.Powe.[8] .correlated free convection between

two concentric spheres with the equation:

L .'..279. : y~-008 ‘
Moy = -.0874(Rap) "7 (L 4 L/Ry) (L/.Riz. _ (2.12)

where L is .the difference .between .the two radii, Ro—Ri.




Weber [9] and Jakob [1] summarized natural convection within hori-
zontal and vertical enclosures, and .Weber included a summary of natural

convection within concentric spherical and cylindrical annuli. -In

addition, he presented a study of free convection between eccentrically-

located sphefes; The interested reader is referred to these works.
Warrington [10] extended the data to include convection from cubes,

cylinders, and sphereé, to a cubical enclosure. By defining the hypo-

thetical radius as the .radius of a spheré of. the same volume as the body

in question, he was able to-correlaté.all available enclosure heat

transfer data using the hypotheticai g;p width ratio, (RO—Ri)/Ri, as

the geometric parameter. He correlated the available data with the

equation:

.23 .201
I (2.13)
i

Nub = .590(Rab)
with an average percent deviation of 14.54 percent. .Because the expo-
nents on the Rayleigh number and hypothetical gap width ratio are nearly

the same, the two parameters can be combined with only a small loss in

accuracy. This simplifies equation.(2.12) to:

il

Nu ..585(‘Ra:)'236 . oL €2.14)

b
* R ‘1,
where; ‘ . Rab = Rag Ri

This equation had an average percent .deviation of -14.75 percent.




Warrington also derived the equation:

208

NuB = ,954 Ra, "’ (2-15)

b

for free convection within an enclosure. This equation has mno geometric
parameter, so the correlation was less accurate, with an average percent
deviation of 18.51 percent.

On examinafion of Warrington's eqﬁations (2.13) and (2.14), it can.
be observed that for large values of L/Ri'the Nusselt‘number becomes’ »
unbounded. Powe [11] made this saﬁe observation of Scanlan's equation
(2.12), and moted that the Nusselt numbér should be bounded by the
Nusselt numbexr yiel@ed by the equations for convection into an infinite
atmosphere. Using equation (2.12) for enclosures and equation (2.7) for
an infinite atmosphere, Powe noted that the enclosure equation could
be used until the gap width ratio was between 1.3 and 2.2 for air and
between 2.0 and 4.0 for water. The exact value of L/Ri at which .he
recommended switching to the infinite atmosphere equation wés a function
of the Rayleigh number.

Powe also noted that for small values of L/Ri the heat- transfer
would be primarily due to conduction rather fhan convection. He recom—
mended that the enclosure equation be used until the gap width ratio was
reduced to where the equation for .pure con@yc;ion predicted a higher
heat transfer, at which.point £he.conduction equétion should. be implej

mented.




Warrington [10] presented solutions for the conducfion from bodies
of various sﬁapes to their enclosure. The interested reader is referred
to this source. By'evaluating cpnduction solutions and comparing them
to tﬂe équation fof-convection'into an enclosed fluid, it can be deter-
mined whether convection or conductiﬁn'dominaté as the means of heat
transfer. Powe recommends using Whichever predicts the higher value for
heat tramsfer. |

Some of the étuaies on convection within an enclp;uré include a

: N \
study of the temperature distribﬁtion within the enclosure [8,9,10]. It
was found in gemeral that the temperature profilés'ééuld bé divided into
five regions: .1) a region with a steep temperéturé gradient close to
the inner Body, 2) a transition region where the temperature gradient
becomes less severe, 3) a :egion‘withha small temperature gradient, 4) a
transition region where.ﬁhe temperature gradient gradually increases,

and 5) a region with a.sharp temperature gradiént close to_the.énclosure

walls. The large temperaﬁurg gradients are due-to_the high fluid velo-

cities near the body surfaces.

It was also noted that the vertical plane in which the profiles
were taken had little effect on the profiies. An incréasing Prandtl
number tended to dincrease the .thickness df_the transition .regions and
. generally increase the fluid.tgmperature.- |
Inversions were séﬁetimes noted'in:the temperature,di§tribution;

These were .attributed to a high rate of convection of energy parallel to




10

the fluid flow relative to the transport of heat across the flow.

Holman [6] shows the results of a study done by E. E. Soehngen, who
used an interferometer to photograph the temperature distribution in a
fluid involved in free convection around horizontal cylinders in an
infinite atmosphere. :The phétographs show a very small témperature
gradieﬁt directly above the‘body. The gradient {pcreased as the angulér
position increased from the upward ve%%ical. At 905 from the vertiqal
position, the temperature gradiént was large and the fluid was at the
ambient temperature a short distance froﬁ‘the body. As the éngular
.position increased furfher from the upward verticai,'there was little
change .in the profile.

Very little data are available for free convection within enclo-
sures for lafgé values of L/Ri; where the equations for enclosures and
those for an infinite atmoéphere predict the same value for the Nusselt

number. The .purpose of this study is to investigate that area.




CHAPTER III

EXPERIMENTAL APPARATUS AND PROCEDURE

EXPERIMENTAL APPARATUS

The data in this investigation were obtained by placing seven
different inner bodies inside a 10.5 inch cubical test space. A o
detailed description of the apparatus comprising the test space is given
by Warrington [10].. A condensed description is given here for.reference.

Figure 3.1 ié a schematic of the apparatus. The box housing the.
test space was -15.0 incheé on a side. 1Inside the outer walls there was
a water jacket, consisting Bf six separate channels, each 1.25'inches
wide. Each channel had four inlet énd outlet ports équally spaced
across the ends of the channel. to ensure uniform flow through each
channel. The top and bottom.channels were fed by separate manifolds,
while the sides were fed by two manifolds, each supplying water to two
adjacent sides. The cooling water flow rate to each manifold could be
aéjustéd independehtly, ensuring that the test space walls could be made
isothermal, .fhe cooling.water'was circulated’.in a élosea system from
the water jacket through a pump, a water chiller, an insulated .storage
taﬁk, and back to the jacket. The .outside walls of the Wéter jécket and
the walls enélosing the test spéce were fabricated from 0.5. inch t?pe
6061 aluminum..

The seven inner bodies .were fabricated fromjsolid-606l Té6 aluminum.

Three cubes were used, with side .lengths of 3.2 inches, 2.625 inches,

and 2.0 inches. The other four were cylinders with hemispherical ends.
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Thermocouple probes
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DC Ice
Bath
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Figure 3.1 Heat Transfer Apparatus and Supporting Instrumentation
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They will be referred to throughout this work.by their diameter and
5ve¥éll length. The cylinders ﬁsed were 2.5 inches by 5.0 inches, 2.5
inches by 3.5-inches, 1.5 inches by 4.0 inches, and 1.5 inches by 2.5
inches. 'The inner bodies were all heated by cylindrical Watlow car-—

tridge heaters. The size and power rating for each heater are shown in

14

Table 3.1.
TABLE 3.1 Inner Bodies and Cartridge Heaters
: ) Size . . Cartridge.Size ‘" Heat Power
Shape (inches) Diameter Length (at .120 volts)
3.2 .371" 2.5" 500 watts
Cubes 2.625 371" 1.5" 250 w
2.0 . 246" 1.5 200 w
2.5.x.5.0 .371" 2.5" 500 w
. n 1"
Cylindgrs 2.5 x-3.0 .371 _ 2.5 _ 500 w
- 1.5 x 4.0 - 246" 3.0" 300 w
1.5 % 3.5 . .246" 1.5" - 200 w

The 3.2 inch cube had four thermocouples, one in the lower cormner -

of a side, one in the diagonally opposed cormer on the top face, one in
the center. of a side face, and one in the center of the top face. Each
junction was epoxied in place withih 0.125 inch of the surface. These

thermocouples were used check the isothermality of .the inner body and
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verify the results of the computer program shown in Appendix I. - This
program was designed to simulate the conduction‘thrqugh thé soli& cube
from the cartridge heater to the convective medium, to check the iso-
thermality of the surface of the cube.
Once~isothermality Wés established, the other cubes were built with
- only one thermocouple in the center of a side face. The cylinders all
had one thermocouple in the center of the straight portion ﬁithin 0.125
inch of'the surface. |
Each inner body was’supported within the test space by a sﬁpport
stem. The 3.2 inch cube, the 2.625 inch cube, and the 2.5 inch diameter
cylinders were supported by 0.5 inch diameter, 0.038 inch thick steel
tubes, which fit through holes in the test space wall and the outer
water jacket wall. The other three bodies were supported by 0.25 inch
diameter, 6.038 inch thick steel tubes. Each of these tubes fit
concentrically insiae a 0.5 inch diameter. tube, with steel bushings
holding the small.tube inside the large ome. The bushings were sealed
to the tubes, one by a silicone gasket sealer and the other two by .
silver solder. The 0.25 inch stem extended past the end of the 0.5 inch
tube so that when each body was centered in the test space, the top of
the 0.5 dinch tube was fluch with the test space wall, so only.the 0.25
inch stem extended into the test space. The 0.5 inch'tﬁbe extended

>

through .the holes in the test space and.outer water jacket walls.
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/ Each tube was enclosed in heat shrinkable tubing to insulate
against radial heat conduction through the stem. There was an O-ring
seal around the steh, sealing thé'test space from the water jacket, and
another sealing the water jacket from the outside room. In addifion, a
0.5 inch C;nax packing gland was placed on the support.stem to seal’
against leaks between the steal shaft and the shrink tube.

The heater l—eads and thermocouple leads were inside the support
stem. The power to the heater .was sﬁpplied by a Sorenson variable DC
power. supply (150 volts,.15 amp maximum). The current was measured by
measuring the voltage drop across a Legds.and Northrup shunt box. The
heater voltage, shunt voltage, and thermocouple'voltage‘were read by
three Digitec digital voltmeters.

Each face of the cube enclosing the test space had several thermo-
couples spaced in the face, 0.125 inches from the inmner surface. The
thermocouples were.Wired in parallel, giving an average temperature for
each face.' Each face Wés_measured separately so that ghe overall iso-
thermality of the enclosing cube could be monitored.

Access to the test space and iﬁner bodies Was-made.thrqugh_a remov-—
able 15.0 inch square cover on-thé'water jacket and a 10.0 inch diameter
circular cover .on the enclosing cube. The rectangular co#er was fitted
with a rubber gasket and.sealed-with a silicone gasketiseélant. The
circular.cdver was.flanged and sealed with é; O%ring.coated with bow

Corning high vacuum grease.
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The temperature profiles .were measured using thermocouple.proﬁeé
cbnsisting of copper—constanFan thermocouples epo#ied inside.0¢0625 inch
diameter stainless steel tubes. Each tube éas located.concéntrically
inside a 0.40 inch diameter steel.ﬁpbe aﬁd'held iﬁ place by a 0.07 iﬁch
hole in the end of thé.tube extending into the wall, and a Conax fitting
on the .exterior ena. The tubes ;crewed into the test .space wall and
were éealed'ﬁitﬁ-pipe sealant. They each passed through the outer water
jacket wall, where an O—ring seal was used to prevent water leaks.

The probes were posigiéned‘at:0° (measurgd from the upwérd verti-
cal), 34°, 80°, 120°, and 160° (Eig;ré 3.1). One séfiofvprobes waslon a
vertical plane passing through the.center of the éest space and the
center of ;he frént wall of the test space; The second set was on a
vertical plane passing diagonally through the center of the test space.
The probes were positioned inside the test space using a modified wyernier
caliper. | |

Heat transfer data were taken with different fiuids.in.thg test
space, including a vacuum, pumped'by a Duo-Seal vécuﬁm.pump,.atmospheric
air, 96 percent aqueous glycerin, ‘water, and 20 cé—bow Corning 200
flﬁid, a silicone oil having'é.kinematic viscosity{of ZO,Céntistokes at
25° Celcius. The fluids were .put into aﬁd removed frgm.the.tgst space
through a fill stem in the bottom of the apparatus. .The'fill stem con-
sisted of a 0.40 inch diameter.steel tube that.passéa.thrqugh a hole in

the outer wall of the water jacket .and.screwed into a.threaded hole.in
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the test space wall. The tube was.sealed with pipe sealant on the

threaded end and with an O-ring in the outer wall.

EXPERIMENTAL PROCEDURE

The inner body was placed into the test space by sliding the stem
through the O-rings and centering the-body inside the test space. The
packing gland was placed on the stem and tightened. The two covers were
placed and sealed, and the .top three thermocouple probes were put in
place. The heater leads and thermocouple leads were connected,.comple-—
ting the assembly.

The apparatus was activated by filling the water jacket and storage
tank with water, turning on the water pump and chiller, and turning oﬁ
the péwer supply for the cartridge heater. Once thermal equilibrium
was achieved’(approximately eight hours for the cooling system and four
hours for the inner body), the flow rates in the water jacket chanmnels
were adjusted to.make the enclosing cubeAisothermal.

Once equilibrium Was_agéin es£ablished, the following d;ta were
reporded: .

(1) . heater current
(2) Theater voltage
(3) dinner body thermocouple reading(s)
(4) outér.body thermocoﬁple readfﬁgs,'

This procedure was repeated at four -to 'ten power settings for each
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inner body and each fluid.

The three liqqids (glycerin, watér, and 20 cs silicone oil) Wére
introduced into the system by placing reservoirs above the apparatus
and conqecting a hose from the appropriaté reservoir to the.fili stem
in the bottom of the test space. The top three thermocoupie probes
were.removed to-allow the air to escape as gravity-fed'the liquid into
the test space. LWhen the test space was full, the probes ﬁere feplaced.
The line from the reservoir to the f£ill stem was 1ef£ open to-allow the

EY

fluid to expand and contract’as.the'temberature changed. Aftér taking
the above readings, the fluid was d%ained.by lowéring the.reéervoir
below the test apparatus and removing the top thermocouple probes.

In—ordexr—to obtain-the-heat-transfer-by .convection--alones--all—other-—
forms of heat loss from the inner body must be calculated and subtracted
from the-total._heat transferred from.the body. Since all of the fluids
used except ai¥:were opaque to.radiation,.the only non—convéctive heat
léss was conduction through the éupport étem.-nfhe steﬁ was,insﬁlated
_against.rédial conduction, so:thé iosses;could be computed from thé
one-dimensional steady state.conduction equatioﬁ:i-

p ,RiAi + kyhy KA,

Qeona 7 - Lo d (?i - T

)

e

where the subscripts refer to the.steel tube walls, thefmocouple leads,
and heater leads, and d is.the distance between the .bottom of the inner

body and .the bottom of the enclosure.’
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When air was used as the test fluid, conduétion and radiation both
contributed to the heat loss from the inmner body. To determine the non-
convective heat loss, the same procedure that Warrington [10] .described
was used. The test épace was evacuated to a pressure under fifty mi-
crons for thg 3.2 inch cube, and under ten microms for .the other inner
bodies. This evacuation of the tést'space essentially eliminated con-

vection as a mode of heat transfer. -With the enclosure wall .temperature

remaining constant, the radiative and conductive heat losses were deter-

mined to be a function of the inner body temperature.. These data are
plotted in Figures 3.2 and 3.3.
Once the heat transfer by convection alone is known, the average

..heat transfer coefficient. can be calculated using _the equation:

qconv

h _Louv
Ai(Ti—TO) .

The existing-equations for natural convection both within an enclo-

sure and in.an infinife atmosphere‘ﬁere derived froﬁ dafa/takén from
isothermal bodies and enclosures. Theréfore, the teﬁperature variation
over the surfaces of both.thg iﬁnerlan& outer-bodies muét.be.kept té a
minimum. The percent tempergture variation ovér'eifher.the inner or

outer body was defined as:

e local,max = "loc¢al,min
temperature variation = R : 100
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where T L ‘and .refer to the minimum and maximum tempera-
- local,min

Tlocal,max
ture readings on the inner or outer boéy. The average percent variation
for the outer body was 2.25 percent. The average percent .variation for
the 3.2 inch cubical inner body was 6.78 percent for all the data e;cept
when water was in the test space. Because of the high rate of heat 1;”‘u
transfer invol&ed, the average percent deviation for the 3.2 inch cube
with water in the test space was -25.0 bercent. According to Warriﬁgton
[10], this temperature variation will have a negligible effect on the
heat transfer correlations. | |

Based on this information, the average inner body and outer body
temperatures were used. The results of £he computer program in Appendix
I and the readings on the 3.2 inch cube indicate that the center of a
side face of a cube will be at the mean temperature of the body. There-
fore, ﬁhe remaining cubes haé only one thermocouple each,; installed in
the center of a siderface, and the cyiinders had one thermocouple
installed in the middle of the straighf porﬁion of'the body.

The témperature profile data were obfgined by inserting the_probé
into the test space until it contacted the inner‘bod§. :It was then
withdrawn in small increments and the.temperature recoxrded at each
interval, providing data for the temperature as a function of radial
dist;nce. .The inner and .outer body tempefdtures.were recprded in order'

/
to evaluate the profiles in terms of .the dimensionless temperature

ratio:
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. T =T
T.- T

H|
|

as a function of the dimensionless radius ratio:

r.%.ri(g)
ro(e) - 1,;(8)

r =

- The heaf transfer data obtained iﬁ this investigation were reauced
with a Texas Instruments SR-50 calqulator to the partially réduced form
given in Appéndix II. A data reduction program, written in Fortran‘iV,
was used to further manipulate the'data. The heat transfer parameters .
and correlation coefficients for the empirical equations were calculated
by this program. The fluid properties were evaluated at the arithmetic-
mean temperature:
.Ti.+ TO.

Tam & T2
by subrou;ines written by Weber [9] and Warrington [16]. :A complete
listiné of this program is found in Appendii ITI. The temperature pro-

file data.was reduced by another program, listed in Appendix IV.




CHAPTER IV

DISCUSSION OF RESULTS

HEAT TRANSFER RESULTS

This investigation was done in two parts. First the existing equa-
tions for free convection within enclosures and in an infinite atmosphere
were'analyzed to find the range of hypothétical gap width ratié_(L/Ri)
that would most.likely compose the transition region between the enclo-
sure :egion‘and'the‘infiﬁité atmosphere regioﬁ. 'Da£a were then taken to
verify the analyéis and determine equations that'would.be;t predict the
heat tramnsfer in this transition regiom.

Most of the eiisting equations for free convection into an infinite
atmosphere yield similar:reéults for the range of Ra?leigh numbers of
_concern in this study, .so one equation was chosen és a representative
standard for free convection into an infinite atmosphere. Since the
equation reported by Jakob [1] represented the correlation of data from
several different. shapes, including those used in this investigation,

equation (2.3) was chosen.: It is repeated .here for reference:

_ .25 L
Nu, = .52(Rap) _ (2.3)

Warrington.[10] developed-his empirical equation from a wide range
of data from several sources, so his equation was.used as the.standard
for matural convection within enclosures. It is repeated .here for

" -

reference:
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6 (2.14)

_ epe g Bye23
Nub = ..585(Rab)

To compare the two equatiomns, equation (2.3) was rewritten using
the distance travelled by the boundary layer as the characteristic
dimension. For convection from cubes, the infinite atmosphere equation

becomes:
_ ' .25 S
N =~ = .618(Rab) . (4.1)

Figure 4.1 compares equations (2.14) and (4.1) by shoWing_the
Nusselt number as a functiom of the,hypotbetical gap.Width ratio'(L/Ri)
for the two equations. The dashed iine connects the péints where both
equations predict the same ﬁeat transfer." This is where Powe [11]
recommends making the transition from the enclosure equation to the
infinite-atmosphere equation. As L/Ri increases, the heat transfer
predicted by the enclosure equation increases without bound. Since the
infinite atmoépherg equation ?re&icté the heat transfer for infinite
-L/Ri’ Powe recommends that it shb;ld fo?m thé upper Eound for the enclo;
sure equation. As L/Ri decreases, the infinite atmosphere equatioﬁ
predicts a greater. heat transfer than data iﬁdicate [8—10],.s0 the
enclosure equétions form the lower bound for the infinite atmosphere
equation.

The equation for this transition line is:

"_TI;_ = 1.-26.(Ra)'0593 C(4.2)
i )




2 * .236
Enclosure Equation Nub = .585(Rab)
feon Infinite Atmosphere Equation Nub - '618(Rab)'25
4
e : % .0593
—_—— - = = Transition’ Line L/Ri = 1.26(Rab) Tt Rab
1 = = N 10
~, Infinite b
///— "
/7
e
P é
100 =~ , Transition Line
j i Enclosure
y / 4
2 s = i 40
| / Infinite
4/ /
i /
/
i . /
/ Enclosure 6
/ . 10
_—————"——'—_~“_______1r_==::1:""'——7_ g Infinite
/ Enclosure
/ 105
lO._""’ﬂ,_———‘”'—'——74__===:——_——k Infinite
T ) T T T T
1 2 3 4 5 7
L/Ri

Figure 4.1 Comparison of the Infinite Atmosphere and Enclosure Equations

9¢




.27

The values'of L/Ri aefined by this transition line range from 2.5 to 5.0,
‘which is higher than the range of 1.3 to 4.0 that Powe found. It should
be neted that Powe based his calculations on data from spheres only. The
Nussélt numbefs for convgction from spheres to an infinite atmosphere is
six perceqf lower than the values for cubes shown in Figure 4.1. This
would:cause the range of L/Ri'to fary from 2.0 to 4.2, which is in better
'agreement with Powe's results. -

Based on the results of this‘analysis, seven inner bodies Werg.built
to provide data for L/Ri rangingrfroﬁ 2;28 éo 5.89.A Table 4.lhindicates‘
the innexr bodies tested, the value of L/Ri for‘each body, and the ianges
of Prandtl and Rayleigh numbers over which each body was fested.

The data takenfrom these seven bodies were correlated in several
ways. The constants for the following empirical equations were evalua-

.ted using a least-squares.curve fitting technique:

Noy = C; RaD(';z“ - | (4.3)

L S« N DY
Nu, - Cl(Ra::).C?— (4.5)

N?L = Cl RaLCZ'(%;9C3 '(4-6)
Mo = 0 (Ra)%? 4.7)




TABLE 4.1

Lo : - '
INNER BODIES USED IN 10.5 INCH CUBICAL OUTER BODY AND PARAMETER RANGES FOR EACH

T

, C Ra, ‘ Rap . Pr
Shape Size L/ R . min ’ max min max min max -
3.2 2.28 | 2.8:10°|5.8:10° |3.5%10° | 7.3-10% |.705 |1.0-10%
b L
1" ’ ’ .6 9 5 8 3
CUBES 2.625 3.00 2.0-10° | 2.2-107 [2.4-10° | 2.7-10% |.7064 | 7.5-10
[ .

’ 2.0" 4.25 | 1.1-10%|1.3.10° [1.4-10° | 1.6-10% |.704 |s6.9.103

9.5" g 50 2.84 . | 6.1-10° | 1.4-10"%(5.6-10° | 8.4-10% |.705 |6.0-103

2.5" x 3.5" | 3.46 2.3-10° 16.9:10” {3.0-20° | 9.0-10% |.704 |5.5-10°

CYLINDERS ' ’

1.5" x 3.5" | 4.72 - | 9.9:10° |5.3:10° {2.9-10% {1.6-10% |.705 | 4.8.10°

1.5" x 2.5" | 5.89 4.1-10° |1.6-10° [3.7-10% |1.4-108 |.705 |7.2-103

8T
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The following tables (4.2-4.4) .show the cor?elétion constants for
each equation form, the average perceﬁt deviation, and the percentage of
the data within twenty percent of the equation. Tabie 4.2 showé the
results broken down by inner body type. Table 4.3 shows the results for
each fluid, and Table 4.4 shows the results for all of the data.

It should be noted in Table 4.4 that the exponents of the two terms
in'equation form (4.4) are nearly equal and that no éignificant increase
in accuracy is obtained by separating the Raz terﬁ in equation form
(4.5) into its components as shown in equation (4.4). It alsoﬁshouid be
nofed that excluding the geometric factor altogether-had little effect
on'the accuracy of the equations, as can be seen by comparing equation

. : ,
form (4.3) with forms (4.4) and -(4.5). This indicates that for this
range of L/Ri the enclosure has little effect on the heat transfer.
Warrington [10] found that for small L/Ri the geometric pgraﬁeter had a

- much larger effect on the accuracy. Excluding the geometric factor, the

best equation for an enclosure was:

8

No, = .954(Ra,) -20 (2.15)

b

This had an-average percent deyiation of 18.51 pércent.

Figure 4.2 shows all of-the transition region data compared with
the enclosure equation.(2.15) and:the infiﬁiEgﬁatmosphere equation
(2.3). ..1It 'should be noted that this enclosure equation predicts a lower

Nusselt number than either the infinite atmosphere equation or the data




TABLE 4.2 .

CORRELATIONS BY INNER BODY TYPE

| PERCENT OF
INNER BODY EQUATION EMPIRICAL CONSTANTS AVERAGE PERCENT DATE WITHIN -
TYPE - FORM Cl C2 C3 ’ DEVIATION © +207% OF EQUATION
b4 .270 281|131 ©10.39 93.33
4.5 5218 .284 10.50 88.80
CUBES ' . :
4.6 .225 281 | .287 10.39 93.33
4.7 226 .| .281 - ~10.38 - . 93.33
bk .525 249 | .151 10.38 © 95.65
| b5 441|251 10.50 92.39
CYLINDERS ‘ o ;
4.6 .383 249 | .394 . 10.44 ' 94.57
4.7 447 | 252 . 10.82. - |- 94.57

o€




TABLE 4.3

CORRELATIONS BY FLUID TYPE

PERCENT OF DATA

EQUATION EMPTRICAL CONSTANTS AVERAGE PERCENT WITHIN +20% OF
FLUID FORM c; c, c, DEVIATION . . EQUATION
4.3 1.27 .170 9.83 88.89
4.4 1.67 .172 .068. 10.36. ° 82.22
AIR 4.5 .917 .200 10.48 " 80.00
4.6 2.77 104 | .517 8.95 - 84,44
4.7 53 | 233 11.10 84.44
4.3 .555 244 - 6.99 97.67
A 357 | .262 | .275 6.38 97.67
GLYCERIN 4.5 .366 | .262 6.34 97.67
- (96%) 5.6 300 | .259 | .463 5.42 97.67
4.7 .323 | .269 7.22 95.35 .
4.3 319 | .268 6.68 93.94
A .183 | .288 | .231 6.22 96.97
WATER 4.5 167 | .288 6.73 196.97
4.6 .168 | .285 | .335 6.09 96.97
4.7 156 | .292 6.17 93.94
4.3 .731 .235 3.92 100..
20 S 4.4 466 | .259 | .168 3.82 - 100.
SILICONE 4.5 314 | .272 4,17 100.
| 4.6 439 | .249 | .366 2.69 100.
4.7 .355 .266 4 .36 100.

18




TABLE 4.4

CORRELATIONS FOR ALL TRANSITION REGION DATA

PERCENT OF DATA
EQUATION EMPIRICAL CONSTANTS AVERAGE PERCENT WITHIN i-_ZOZ. OF

FORM C; c, Cy DEVIATION EQUATION

4,3 443 .257 - 11.90 86.23
4.4 .340 .265 .234 11.26 87.43
4.5 .328 .265 10.94 86.75
4.6 .280 .263 414 11.13 89.82
4.7 7 .314 267 11.53 88.62

[4
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indicatel This is-aévexpected since equation (2.15) was obtained froﬁ
data where the gap Width ratio was small and the equation form does not
account for changeé.in the gap width ratio.

~ The best enclosure eéugtion (2.14) includes~the.geometri;‘pafameter,
aﬁd_Eigure 4.3 shows that the correlation was greatly-imbroved by adding
this parameter. Table Q.S shows that this form of the equation has
nearly .the same éccuracy as the infinite atmosphere equation.

Figure 4.4 shows the correla£ions from four different inner bodies.
The .three correlations with open symbols .were obtained from Warrington's
daté [10]. They were taken from three cubes in>a spHerical eﬁclosure,
with L/Ri ranging from .602 to 2.i5. The fourth gorrelétion was e
obtained from the heat transfer data for the 2.625 inch cube inside the
10.5 inch ‘cubical enclosure (L/Ri = 3.00). Figure 4.4 shows that as
L/Ri increases, .the enclosure:heat transfer correlations approach the
infinite atmosphere eqﬁation.

Figure 4.5 shows that the best‘eﬁclosure equation (2.14) accounts
for the effect of changinglL/Ri,“seen in Figure 4.4, As L/ki inqreases
into the transition .region, botﬁ,the enclosure equation.(2.14) and the
infinité.atmbsphere equation (2.3) predict nearly .the same .heat transfer .
Either -equation could be used in this .region, .but fable 4.5 sho&s that
the use of equation.(é}Z) as .the transition line improves the.correla-
tions:..By including only .those points indicated by the transition line,

the .average. percent .deviation. .involved in using the infinite.atmosphere
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TABLE 4.5

CORRELATION COMPARISON BETWEEN INFINITE ATMOSPHERE EQUATION AND ENCLOSURE EQUATION .

INFINITE ATMOSPHERE EQUATION ENCLOSURE EQUATION
_ .25 o * ,236
NuD T .52RaD Nub = .585(Rab)
AVERAGE PERCENT ~ PERCENT OF DATA | AVERAGE PERCENT PERCENT OF.DATA
DEVIATION ; - WITHIN +20% OF DEVIATION  WITHIN + 20% OF
DATA INCLUDED - EQUATION EQUATTION
ALL DATA 13.23 o 80.84 ' 12.71 84.94
CUBES 14.65 74.32 15.06 78.38
CYLINDERS 11.20 86:96 " - 10.83 90.22
ALL DATA:
L/R, < 1.26Ra, "*>° - . 11.96 90.11
Lol .
L/R, > 1.26Ra, **>? 12.17 | 84.00

9¢
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equation is décreased from 13.23 percent to 12.17 percent, and the
enclosure equation aeviation is reduced from 12.71 percent to 11.96
percent. ‘As L/Ri increases beyond this point, it is reasonable to
assume that the enclosure equation would no longer be accurate and the

infinite'atmosphere equation should be used.

TEMPERATURE PROFILE RESULTS

Temperature distributions Witﬂin the éap were obtained at two verti-
cal planes and at five angular positions in eaph-plane.(phapter III).
The vertical plane that passes diagonally thrquéh the test space will be
referred to as the diagonal planme. The vertical plane that passes per-
'pendicularly through the center of the test space wall will bé called
the perpendicular plane.

All temperatures plotted in this chapter were plotted in terms of

the dimensionless temperature ratio:

3]
|

LT .To : ,
=T -T . (4-8)

The radius was plotted in.terms of the dimensionless- radius ratio:

ro(:e) - Ii(,e?"

r =

For each angular position, 0, the dimensionless radius ratio, T, ranged

from.zero at the.inner .body to one at the outer body. The temperature

ratio, T, ranged from ome to zero .between the inner and.outer body walls .
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respectively.

Profiles were obtained for two inner bodies, the 2.625 inch.cube
and the 1.5 x 4.0 inch cylinder. The profiles for each body .were ob-
tained with air (Pr = .71) and 20 cs silicomne (Pr = 170)'in thé test
space.

Figure 4.6 shows the profile in the perpendicular'plang for the 1.5
x 4.0 inch cylindef in air. Eigﬁre 4}7'shoﬁs thé same prbfile.téken in
the diagonal plane. As Warrington [10] indicated, the vertical plane in
which the profiles wére taken had little effect on the temperéture dis-
tribution. This was true of all of the profiles taken.

Using equation (4.2) as the limit for use of the enclosure equatiom,
the 1.5 x 4.0 inch cylinder was within the infinite atmosphere range.
Figures 4.6, 4.7, énd 4.8 show that the temperature profiles for that
cylinder are similar to those presented by Holman [6] for free convection
to an infinite atmosphere .(Chapter II). ‘Directly above the body there
was a small temperaturé gradient; The gradiept'increésed as the angular
position increased from the vertical. At 90° from the vertical position,
the temperature. gradient was large and the fluid was at the ambient .tem-
perature a .short distance from the bpdy. As the angular pgsition N

increased further from.the upward wvertical there was littlé”change in

.the"profile.

Figures 4.9 and 4.10 show.the.tempefatu;e'pxofiles for .the 2.625

inch cube in air and silicone, respectiyely. "According to equation (4.2),
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