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Abstract:

The natural convection heat transfer between arrays of horizontal, heated cylinders and their
isothermal, cooled enclosure was experimentally investigated. Four different cylinder arrays were used:
two in-line and two staggered. Four fluids (air, water, 20 cs silicone and 96% glycerine) were used with
Prandtl numbers ranging from 0.705 to 13090.0. There was no significant change in the Nusselt
number between isothermal and constant heat flux conditions of the cylinder arrays. The average heat
transfer coefficient was most affected by the spacing between cylinders and the total surface area of the
cylinder arrays. The enclosure reduced the increase in both the average and the local heat transfer
coefficients caused by changing the inner body from an in-line arrangement to a staggered arrangement
of comparable spacing. An increase in fluid viscosity reduced the influence of the geometric effects.

The best empirical equation for all of the experimental data using one correlating parameter was: Nus =
0.214Ra*s"0.260; Ra*s = Ras(L/Ri) for 0.705 < Pr < 1.31x10"4; 4.45x10"4 < Ras < 1.17x10"8 0.602 <
L/R1<1.041; 4.63x10"4 < Ra*s < 8.15x10"7 with an average percent deviation of 12.00.
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NOMENCLATURE

Description
Flow cross-sectional area between cylinders

Cross-Sectional area of the copper-constantan
thermocouples

Cross—sectionai area of the heat tape leads

Surface area of the inner body

Surface area of the outer body

Cross-sectional area of the support stems

Length of boundary layer on one cylinder, B = w(d/2)
Empifically determined. constants
Specific heat at constant pressure

Diameter of a cylinder

Hydraulic diameter, Dy = (4ACZ)/AI‘

Acceleration of gravity, 9.81 m/sec2 (32.17 ft/secz)

Grashof number,gp g(TI—TO)X3/u2, where X is any
characterlstlc length

Heat transfer coefflclent, h = QCONV/AIAT

- Vertical pitch between cylinder rows

Modified vertical pitch, H' = H + d + [d/(number of |

cylinder rows - 1)]
Thermal conductivity

Horizontal distance between cylinders

Thermal conduct1v1ty of the copper—constantan

.thermocouples
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Nuy
Pr

Qconp

Qconv

viii
Thermal conductivity of the heat tape leads
Thermal cdnductivity of the support'stems.
Hypothetical gap width, Ry - Rj |
Change in length

Nusselt number, hX/k, where X is any characteristic
length

Prandtl number, Cpi/k
Heat transfer by conduction

Heat transfer by convection

Heat tranfser by radiation .

Total amount of heat transfer, Qmop = Qconp + Qconv +
ORraAD '

Radius of a cylinder .

Rayleigh number,Bpg g(Ty - TO)X3cp/uk, where X is_any:

characteristic length
Modified Rdyleigh number, Ra“y = Ray(L/Rj)
Radius of é hypothetical sphere equal in volume to the-

volume of one cylinder times the number of cylinders in
the cylinder array

Radius of a hypothetical sphere equal in volume to the
outer body : ‘

Characterictic lengfh, S = (R, - R;) (A1/20)
Bulk temperature or average fluid temperature
Film temperature, T¢ = (Tb.f T1)/2

Inner Body Temperature

Reference temperétu:e, T4 = Tp + 0.32(Tg - Tp)
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ix | ;
Descriptio
Arithmetic medn temperature, Tp = (Tp + Tg)/2
Reference temperature, Tp = Ty, + 0.20(Tg - Tp)

Outer body temperature

Surface temperature

Tgmperature difference, AT = TI - To

Any characteristic length

Height of the tube bundle

Thermal expansion coefficient

Dynamic viséasity ' ' : v
Ratio of circle circumference to.diameter, 3.14159

Density of the fluid

Density of the fluid at atmospheric pressure
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ABSTRACT

The natural convection heat transfer between arrays
of horizontal, heated cylinders and their isothermal, cooled-
enclosure was experimentally investigated. Four different
cylinder arrays were used: two in-line and two staggered. Four
fluids (air, water, 20 cs silicone and 96% glycerine) were used
with Prandtl numbers ranging from 0.705 to 13090.0. There was no
significant change in the Nusselt number between isothermal and
constant heat flux conditions of the cylinder arrays. The
average heat transfer coefficient was most affected by the
spacing between cylinders and the total surface area of the
cylinder arrays. The enclosure reduced the increase in both the
average and the local heat transfer coefficients caused by
changing the inner body from an in-line arrangement to a
staggered arrangement of comparable spacing. An increase in
fluid viscosity reduced the influence of the geometric effects.

The best empirical equation for all of the experimental data
using one correlating parameter was:

o

| Nug = 0.214Ra*so'260; Ra*s‘= RaS(L/Ri)
for  0.705 < Pr < 1.31x104; 4.45x104 < Rag < 1.17x108
0.602 < I/R; < 1.041; 4.63x104 < Ra*g < 8.15x107

with an average percent deviation of 12.00.




CHAPTER I

INTRODUCTION

Natural coﬁveCtion heat transfer from a\body to an infinite
fluid medium has received extensive experimental and analytical
study in the paét. In recen£ years there has been a growing
demand for an understanding of natural convection heat transfer
within enclosures. This phenomenon has important industrial
applications in areas such as nucleaf reactor technology,
electronic instrumentation packaging, aircraft cabin design,
crude o0il storage tank design, solar collector design, and energy
storage systems. | _ | ‘)

This is one of the first studies of multiple body natural
convection heat transfer in enclosures{ Its purpose is to
experimenta;ly'investigate the dissipation of heat by natural
convection from arrays of heated, horizontal cylindefs to a
'cooled, isothermal, cubical énclosure. The cylihders were
subjected to both isothermal and constant heat flux conditions.
This study determines -the effects of cylinder geometry, and
compares the results with the findings of previous studies. Four
fluids and four cylinder configurations were utilized. The
fluids used were air, water, 96 percent glycerine, and 20cs
silicone, with Prandtl numbers ranging from 0.705 to 13090.0."
The four.cylinder configu;étions consisted of‘two in-line

"arrangements using nine and sixteen. cylinders, and two
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staggered arrangements using eight and fourteen cylinders.




CHAPTER II

LITERATURE REVIEW

Natural convection heat transfer can be classified in two
ways: the external convection problem of flow about a body
surrounded by aﬂ infinite,fluid_medium, and thé.inteEnal'
. convection problem of flbw-Within,ah enclosure. The exfernal
problem has.beeﬁ inveStigatéd exténsively in the past while
relatively little éttention has been given to the -internal
problem. Thi; is due to the fact that internal natural
convection problems are significantly more complex. For external
problems the Prandtl boundary layer theory allows one to.assume
that the region surrounding the boundary layer is unaffected by
the boundary layer. However, in the internal natural convection
problém the boundary layer and the région adjaéent to the
boundary 1ayér interact with each'other, making it difficult to
obtain analytic solutions to internal problems. The remainder of
this chapter is intended to provide a useful background for this
particﬁlar investigation ahd is not a complete survey of research_
in natural convection. The following discussion will be divided
into the two categories mentioned above. These are (1) exterhal'
natural convection to an infinite fluid medium, "and (2) internal
natural convection in enclosures. However, the.discussion is

limited to geometriés which pertain to this investigation{




EXTERNAL NATURAL CONVECTION
There have been several studies of the heat transferred from
single objects (e.g. plates, spheres, cylinders, etc.) to an
infinite fluid medium. Morgan [1] gives a very thorough summary
of the ma&ajor correlations for heat transfer from smooth,
horizontal, circular cylinders to an infinite fluid medium with
Rayleigh numbers ranging from 10710 to 1013, |
It may be shown by dimensional analysis [2] that the heat
transfer from horizontal cylinders varies with the Grashof and
Prandtl numbers. The resulting equation is generally of the form
Nug = A; + By (GrygPr)Cl. ‘
Ay, By, and C; are constants and X is‘a characteristic iength
diménsion.where
Nuy = hX/k (Nusséif number) ,
Gry = (9B pZX3AT)/u2 (Grashof number),
and ' |
Pr = UCp/k (Prandtl number) .
Tﬁe noﬁdimensional grouping (GryPr) is known as the RaYléigh
numbér, which is
Ray =:GrXPr = (chgOZX3AT)/ku.
Fand, Morris, and Lum [3] presented three different
correlations.for natural convection heat transfer from horizontal
cylinders, baséd on three different reference temperatu;es.

These are
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' Nug = 0.474 Rag0-23 pr0.047,

Nuj

0.478 Rajo'25 prj°-°59,

" and

Nu, = 0.456 Rag0-25 prg0.057

where the subscripts denote the reference temperature used in

evaluating the fluid properties. The reference temperatures were

Tg = Tp + 0.5(Tg ;'Tb) (film temperature),

and

T, =Tp + 0.20(Tg - Tp) . . ‘
Raithby and Hollands [4] have published a correiation

"equation for laminar and turbulent natural convection from

elliptic cylinders of arbitrary eccentricity for the case of
constant surféce temperature. 'For the case of horizontal

isothermal cylinders their equation takes the form

m
Ny, = [19 {(14m23/4) / (£53/4c ral/) };l + (0.72¢C, Ral/3)M
where m = 3.337
| 2.587
(2/3)/[1 + (0.49/pr)9/16714/9

£

C

1
Ce= 0.14 p0.084 or 0.15, whichever is smaller.

Churchill and Chu [5] suggest that an additive constant is

required in the correlation equation for natural convection heat
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transfer from horizontal cylinders. They have published the
following correlation equation for heat transfer by natural

convection from horizontal cylinders

Ra 4 0.25
Nug = 0.36 + 0.518 [[1 + (0 559/Pr)9/16]16/9]
for all Prandtl numbers and for Rayleigh numbers ranging from
10-6 to 109. They recommend that for large temperature
differences, sueh that the-variation of physical properties is
signficant, the properties may be evaluated at the average of the
bulk and surface temperatures as a first approximation. .

Kim, Pontikes, and Wollersheim [6] experimentally studied
the natural convection heat transfer from a horizontal cylinder
'w1th 1sotherma1 and constant heat flux surface conditions. The
average free convectlon results were obtained by integrating the
local Nusselt, Prandtl, and Grashof numbers over the test section
surface area.. The average;Nusselt numbers for the experimental
- data were |

Nu, = 0.89 Ra,0-1?
for isothermal surface conditions, and
Nu, = 0.57 Ra,0-20
for consfant heat flux surface. conditions.
Although there has been extensive'fesearch performed on

natural convection heat transfer from a 'single horizontal
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cylinder, natural convection heat transfer from multiple
.cylinders has receivéd little attention. Ecker; and Soehngen
[7], who performed one of the first étudies of natural conveCtioﬁ
heat transfer from multiple cylinders, investigated the effects
that one heated cyliﬁder h;d on adjacent cylinders in a vertical
-array of horizoﬂtal,'isothermal cylinders. They discovered that
when one cylinder was positioned directly over another at a
distance of four diameters, there was no change in the Nusselt
number_of the lowest cylinder as opposed>to a single cylindep
while the upper cylinder Nusselt number was 87 percent.of the
value for the lower one. A reduction in the heat tranéferred
from the upper cylinder was said to be caused by the heated wake
from the lower cylinder 'striking the upper éylinder. When three
cylinders were arranged in a vertical array the Nusselt humber of
the middle cylinder was 83 perceht of Ehe'Nusselt number of the
bottom cylinder while the Nusselt number of the top cylinder was
65 percent of the value fqr the .bottom cylinaer. Wﬁen the
cylinders were staggered such that the middle.cflinder was moved
_laterally dﬁt of line by one half of a diameter, the wake of the
bottom cylinder misséd the middle cylinder and the Nusselt number
of the middle cylinder was 103 percent of the value for the
bottom éylinder while the Nusselt number of the top cylinder was
37 percent of the value for the bottom cylinder( ‘Thé increase in

the heat transferred from the middle cylinder was a result of thé
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higher velocity of fluid movement past this cylinder which was
induced by the wake from the bottom cylinder.
| Liberman and Gebhart [8] investigated the interaction of
natural convection wakes between a parallel array Qf wires. By
orienting the array at different angles measured from the
vertical and different spacings, they were able to determine the
spacing which yielded a maximum Nusselt number for a particular
angle of inclination.

Marsters [9] performed an experimental study on the natural
convection heat transfer from a verticai array of heated
horizontal cylinders. He concluded that the heat tfﬁnsfer
characteristics exhibited by’vertical arrays of heated horizontal
cylinders are not predicted by simple superposition of single
cylinder behavior. For closely spaced arrays (two diaﬁeters
between cylinders); individual tube Nusselt numbers were.found to
"be as much as 50 percent lower than for a single cylinder. For
wider spacings, individual cylinder Nusselt numbers were as much
as 30 percent higher than that of a single cylinder. He
concluded that the overall heat transfer charabtefiétics of an
array are dependent ‘upon array spacing as well as Rayleigh
number. |

Tillman [10] developed two correlation equations for natural

convection heat transfer from tube bundles:

Nug = 0.057 Ragl->




for in-line arrays and
Nug = 0,067 Ragl-> -
for staggered arrays. All of the thermal properties except the -

coefficient of thermal expansion were evaluated at the film

_temperature. The coefficient of thermal expansion was evaluated

-at the ambient temperature. The hydraulic diameter for a compact

heat exchanger was used for the characteristic length, which was
defined as
| Dy, = (4AqZ)/Ag. .

Tsubouchi and Saito [11] conducted an experimental study of
the natural convection heat transfer from arrays of uniformly
heated circular cylinders in air. The cylinders were arfanged in
varioﬁs in-line and staggered arrangements. They found £hat the
heat transfer.dépended on the cylinder spacing, the number of
cylinders, and the type of cylindér arrangement. They-proposed

the following correlation

 Nuy = 95 (0.092) . {1 - 0.92 exp[(d-K)/dl} (PrGrg)0-4

1.00 for in-line banks and ¢, = 1.06 for Staggeréd

where @9

banks. The number‘of vertical columns ranged from 3 to 5. The
number of horizontal rows ranged from 3 to 7 and K was the
horizontal distance between the éylinders, which had outer-
diameters of d. The vertical distance between the cylinders was
H. The charactristic length H' was the modified vertical pitch,

defined as
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H' = H + d + d/[ (number of horizontal rows).- 11.
They concluded by stating that thé average heat transfer’
coefficient was affected‘more by a variation iﬁ the vertical

pitch than by a variation in the horizontal pitch.

INTERNAL NATURAL CONVECTION

Internal hatural conVecfion heat transfer utilizes the same
dimensionless parameters as are used for external natural'
convection, however an additional parameter involving a ratio of
characteristic dimensions is used in internal problems. o

,Warringtsn [12] performed an in-depth experimental'study'of
natural convection in enclosures., His work involved the heat
transfer between inner bodies such as épheres, cubes, and
cylinders to both sphéricél and cubical enclosures. Several
. different fluids were utilized with Prandtl nuﬁbers ranging from
0.706 to 13,800, The recommended 6verall correlatibn from his
data was _ | |
Nup= 0.425 Ra;0-234 (1/R;)0-498,
For a cylindrical inner body and a cubical enclosure thé best
cor;elatibﬁ was. L

Nug = 0.593 Rag®-240 (1/R;)0-434,

Larson, Gartling, and Schimmel [13] used laser
interferometry . to experimentally determine the temperature field

around. a heated horizontal cylinder in an. isothermal rectangular -
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box. The purpose of their study was to simulate fhe possible
geometric configurations of a nuclear spent fuelielement in a
shipping cask and compare the experimental results with numerical
results»using finite-difference ahd,finite¥element techniques.
| Dutton and Welty [14] conducted an experimental study of
natural convection heat ;ransfer in an array of uniformly heated
vertical cylindefs surrounded by a vertical cylindrical enclosure
with mercqrylas the fluid mediuﬁ. :The cylinders were arranged in
an equilateral triangular pattern. Their results indicated that
the natural convection heat transfer was.strongly debendent on
the cylinder spacing and_was less dependent on heat ffux and
circumferential position. 1In their concluding remarks they
suggest that natural convection heat transfer results in the low
Prandtl number range (liquid metals) are well represented by
correlations involving the erpr2 product, which is independent

of viécosity; |
Van De Sande and'Hamer.[ISj studiédlthe steady and transient
natural convection heat transfer between horizontal concentric
circular cylinders with cbnstant heat fluk surface conditions.
Their experiment showed that a sidewise displacement of the inner
cylinder did not affect fhe heat transfer results. However, the

overall heat transfer decreased or increased depending on whether

the inner'cylinder,waé above or below the center line of the

‘outer cylinder. An additional dimensionless group was introduced
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to account for the effect of vertical ecéentricity.&he results
were used to estimate the cooling of buried'cable systems
surrounded by a water layer.

Crupper [16] performed an experimenfal study of.natural
convection heat transfer‘befween a set of four isothermal, heated
cylinders and an isothermal, cooled, cubical enclbsure,.to
determine the effect of the positioning of ‘the cylinders within
the enclosure, and to compare the results with the findings of
previous studies on heat transfer from single bodies to- an
enclosure. Four fluids and inner body positions were utilized.
The set of cylinders was orienfed in both a horizonfél and
vertical position. The four fluids had Prandtl numbers ranging
from 0.7 to 3.1 x 104 and Rayleigﬁ numbers, based on gap width,
ranging from 6.3 x 103 to 6.9'x 108, He found that the'best

correlations for all of the hea£ transfer data combined were

_and .
Nug = 0.286 Rag0®-273.
The best correlations for the cylinders'in the horizontal
positfon were
NuL_ = (0.498 RaL0.245 Pr—0.002
and '

- 0.24
Nup, = 0.496 Ra0:245.
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All of the fluid properties were evaluated aé the arithmetic mean
of the inner and outer body temperatures.

‘Powe [17] investigated the liﬁits of relative gap width for
which available correlation equations for natural convection heat
transfer in enclosﬁres were épplicable. Heat transfer rates for
large relative gap widfhs were shown to be limited by those
obtained for free convection to an infinite fluid medium, and
this criteria was used to calculate a maximum relative gap width
for which the enclosure equations were applicable. A minimum
relative gap width for applicability of the enclosure equations
was determined by the pure conduction limit. | “

. Brown [18] experimentally studied the transfer of heat by
natufal convection within en¢16§ures at reduced pressures. The
best correlation which included a correction for the air density
was. .

Nup, = 0.342 Ra;l/? (o/paem) 0-129.
The geometries used werelcylinder—cube (inner body-outer body)
and,cﬁbe—cube, with the bodies moﬁnted concentrically in both
cases. The RaYleigh number ranged from 1 x 103 to 2 x le and
the pfessureAranged from 2670 - 86,180 Pa (20 - 646.4 mm Hg).
Powe, Warrington, and Scanlan [19] performed a detailed
study of natural cqnvection flow phenomena which occur between é

body of relatively arbitrary shape and its spherical enclosure.

Resulting trends in the fluid flow data were established to
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{

facilitate better predictions of the heat transfer in problems of

natural convection in enclosures. .

As evidenced by this review, the émount of interest in’
internal natural'convection has increased dramatically in the
last decade. The intenE of-this study is to extend the work
performed by Warfington and Crupper [16, 20] in the area of
natural convection heat transfer betweeﬁ multiple bodies and an

enclosure,




Chapter III

¢

EXPERIMENTAL APPARATUS AND PROCEDURE

EXPERIMENTAL APPARATUS

The outer bcdy used for this investigation was.a cube 26.67
cm (10.5 in.) along an inner side, constructed from 1.27 cm (0.5
in.,) thick, type 6061 aluminum. The assembled outer body and
peripheral componenhs are shown in Figure 3.1. A water jacket
enclosure, which measured 38.1 cm (15.6 in.,) on a side,
éurrounded the cubical test space. - The water jacket consisted of
six separate rectangular channels 3.175 Cﬂl(l;25 inJ in width,
which gave cne channel for each féce of the cube. Several inlet
and outlet ports on each of the channels; fed by a manifold
system, ensured a uniform flow over each of the sides. The flow
rate cf cooling water to each of the channels Qas separétely
adjusted to maintain the cube which enclosed the test space ét
isothermal conditions. The_cooling water was collectcd'from'the
water jacket and pumped through a chiller apparatus} into an
'insulated storage tank, and from there back into the water
jacket. A schematlc of the appartus is shown in Figure 3. 2.

Access to the test chamber ‘was accomplished through a
removable rectangular cover on the water jacket and a 25.4vcm
'(10;0 in,) diameter circular cover on the top face of hhe

enclosing cube. The rectangular cover was sealed with a rubber
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Figure 3.1

Heat Transfer Apparatus
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Figure 3. 2 Schematic of the Heat Transfer Apparatus
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gasket and the circular cbver was flanged and sealed with an O-
ring.

Four different arrangements of horizontal, ‘heated cylinders

were used for inner geometries in this investigation. The four

geometries consisted of two in-line and two staggered
arrangements. These geometries are shown in Figurés 3;3 - 3.6.
All of the cylindeés were fabricated out of 0.36 cm (0.14 in.)
thiﬁk copper pipe, 19;46 cm.(7.66‘inJ long, and 4.22 cm (1.66
in,) outside diameter. Copper end caps 0.25 cm (0.098 in.) thick
and 4.22 cm (1.66 in.) in diameter were moqnted fldsh to both
ends of each cylinder and éttached with hiéh temperaturé epoxy.
The length to diameter ratio of the cylinders was 4.73. Wooéen
dowels 0.32 cm (0.125 in.) in .diameter were used to provide
support and spacing for the cylinders. The ends of the wooden
dowels were press fitted into .25 cm (0.1 in.) deep holes ip each
cflihder..'Tws adjacent cylinders were connected by one or two
wooden doweis, depending on their lqcation in the array of
cylinders. Each wooden dowel was covered with shrink tube to.-
preserve the wood and minimize the loss of heat. Each array of
cylinderS'waé aligned so that its axis was paral;el to the sides
of the cube. For each geometry, the axial distance between the
ends of the.cylinderé and the cube was 3.35 cm (1.32 in.). The.
ratio of cylindef diameter to cylinder spacing (centef to_centér)“

for the inner geometries was 0.55 for the eight and nine cylinder
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arrangements (pitch to diameter ﬁas 0.83), and 0.69 for the.
fourteen and sixteen cylinder arrangements (pitch to diameter was
0.45). For the sfaggeféd arrangements, the cylinder spacing was
calculated as the horizontal center to center distance between
cylinders. ‘ |

Heat was supplied to each cylinder with electrical
resistance heat tape and a direct curren£ power soutce. The heat
tape, 0.05 cm (0.02.in.) thick and .32 cm (.125 in.) wide,
' consisted of an electrical resistance wire whiéh ;;s rated at
28.87 ohms/m (8.8 ohms/ft.) and a maximum power of 75.46 watts/m
(78.53’Btu/hr/ft). The heat tape was applied to the inner
surface of each cylinder utilizing two pieces approximately 2.13
m (7 £t.) long with each piece starting at the midpoint of the
cylinder and wrapped‘in a helix fashion tbward the end. One- end
from each piece was connected to a power lead while the bther.
ends were connected in series.d Oncé the heat tapes were in
placg, they were coated with a high temperature sealant which
kept them securely in place and provided an insulated backing.
Input volfages to the tapes were controlled individually by using
Ohmite variable power resistors (0435_ohms or 0-50 ohms, 150
watts, 2.07 amperés or- 1.73 amperes maximum) connected in series
with the tapes. The electrical circuitry is shown in Figure 3.2.

The inside of each cylinder was filled with a two-part silicone

potting compound to protect the electrical connections and

/
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minimize any'convective_currents which might cause an uneven
temperature distribution in the cylinders.

| The inside surface temperature of the encloéing cube was
monitored by the use of 25 copper-constantan thermocduples
epoxied 0.318 cm (0.125 in.) from the inner surface. The number
of thermocouples on each face of the enclosing cube varied from 3
to 7. The thermocouples on any common side were connected in
parallel to provide an éverage'temperatUre for each face. It has
been shown by Warrington [12] that the temperature variation on
any side was less than .8°C (1.5°F).

The temperature of each cylinder was monitored by two

copper-constantan thermocouples epoxied from the inside of the

cyiinden into the wall and flush with:the outer-surféce. The two

thermocouples were placed 4.99 cm (1.97 in.) from each end of the

cylinder.

The lead wires from the thermocouples and heat tape in each

cylinder passed through a 0.32 cm (0.125.in.) diameter hole_in
one of the end caps. The lead.wires were dirécted upward where
-thef exited, thrdugh a 1.91 cm k0.7$ in.) diémétef, 12.70 cm
(5 in.) long PVC pipe, which was threaded into the circular cover
on the top face of the enclosing cube and then passed through a
hole in the rectangular céver of the-water jacket. Tﬁe pipe was

sealed to the water jacket cover with an O—riné. At the end of

the pipe, which protruded above the apparatus, the lead wires .
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were sealed off from the test chamber with silicone rubber

cement.
EXPERIMENTAL PROCEDURE

The array of cylinders was placed and centered .in Ehe
cubical test épace. After attaching and sealing the circular
cover and water jacket 1id, the lead wires from the inner body
were sealed off from the cubical test space with silicone rubber
cément and cbnnected as shoﬁn in Figure 3.2. With the exception
of air as the working fluid, the test space was then filled with
a test fluid from a reservoir located above the apparatus. The
gravity fed liquid flowed through a fill stem located on the’
bottom of the apparatﬁs and exited out of a hdle in the top when
the test space was filled.

The cooling system aﬁd power supply were activated. The
cooling water flow rates were adjusted so that the desired
isothermal .condition was obtained for the outer body. By
adjusting the current to each cylinder with the rheostats,
approximateiy.seven data points. with the inner body at isothermal
conditions and four data points with the inner body at constant
heat flux conditions were taken'for each fluid/geometrg
combination. When thermal equilibrium was reached (approxiﬁétely.
two to four hours) the following data were taken: 1) The inner

body and outer body thermocouple emf readings, 2) The input
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voltage to each cylinder, and 3) Thé inp;t amperage~to each
cylinder. In all, 172 daté-points were taken utilizing 16
different fluid/geometry combinations. A list of the partially

reduced data, along with the type of test fluid, the inner body

arrangement, and the inner body boundary condition is shown in )

Appendix II.
The perceﬁ; temperature variation for either the inner or

outer body was defined as’

Temperature Variation = (TrLocal, M;x — iLocal,Min) 100~
, 1 - To

where TLocal;MaX-(TLOCal,Min) represents the maximum (minimum)

inner or outer body temperature. The outer body had an average -

’ témperature variation of 7.31 percent for all of the data. The
innef body had an average femperature variation of 12.92 percent
for isothermal cohditioﬁs and 51.47 percent for constant heat
flux conditions.

'The heat transferred by(néturél convection was_obtained by
-subtracting the heat transfer by radiation between the inner and
outer bodies and the conduction through the support system
connecting the iﬁner and outer bodies, from the total amount of
heat which was transferred. This in equgtion form is,

Qconv = Qror ~ QrAD ~ QcOND* ' (3.1)

When air was used as a test fluid the following procedure

experimentally measured the amount of heat which was transferred
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by radiation and conduction. With the complete system assembled
as previously explained, a vacuum_pﬁmp was attached'to the fill
stem on the bottom of the apparatus which had been used to £ill
the test space. The test space between the inner and outer
bodies was evacuated to a pressufe below 6.67Pa (50 microns Hg),
which essentially eliminatéd convection. = Five points, over the
range of inner body temperatures used in this experimenf, for
eéch inner bddy arrangement were collected to determine the heat
loss by radiation and conduction. These data are shown iﬂ Figure
3.7. For the case of air, the average heat loss by radiation and

conduction was 77.50 pefcént of the heat transfér}ed by

convection.

The three remaining testlfluids,-water, 96% glycerine and

20cs silicone were opague to radiation while the éverage heat
loss by conduction was 0.26 perceht of the heat tr&nsferred by
convection. Since the supports were insulated with shrink tube,
the condﬁction heat loss from the inner body was calculated using
a one—dimensional"analysis.ofithe conduction of heat between the
bottom roﬁ of cylinders and the bottom face of the cubicai test
épace. The -conduction of heat through the lead wires from the
thermocouples and heat tapes was also. included in the analysis.
The following equation

Qconp = [(kghg + kecee *+ knt1Pnt1)/(AR)1(T1=Tg)  (3.2)

was used to calculate the conduction losses.
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Once QCONV.in equation (3.1) was determined, the average heat
transfer coefficient (h) was calculéted using
h = (Qeony)/[(A7) (T1 = To) . 1(3.3)
A program was then used to reduce and correlate the data in
Appendix II; and existing subroutines [12] were used to calculate
the fluid properties of the test_flﬁids. A listing of the
program and subroutines is shown in Appendix I. All property
values were evaluated at the arithmetic mean fluid temperature,

defined as

Tm = (To"l"TI)/z. (3.4)




CHAPTER IV

RESULTS

This section will discuss the trends and correlationé of the
experimental data. The chapter is divided into the following
sections: (1) Results of inner body boundary condition effeéts,
(2) Results of geometric effects, (3) Results of Prandtl number
effects, and (4) Results of éll the experimental ‘data combined.
Nine characteristic lengths énd_twenty—four forms of the
correlation equations were uéed,to correlate ;he experimental
data. The quleigh number, Nusselt humber, Prandtl number; and a
ratio of charactéristic lengths were'used.as the independent
dimensionless parameters. The following equational forms
consistently proJided the beét_results using a standard least

squares method of curve fitting:

Nuy = CjRax®2, = (4.1)
Nuy = ClRax_*Czr (4.2)
' = C2(1/R;) €3, | 4.4)
Nug = CyRax“2(L/R;)“3, (4.
and ' '
Nuy = CyRayC2(L/R;)C3PrC4. (4.5)

Three different characteristic lengths, used to calculate

the Nusselt and Rayleigh numbers in the equationé above, will be
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used throughout this chapter. The gép width, L, .is the distanée
betﬁeen hypothetical concentric sphefes‘of volumes equal ﬁo the
actual volumes of the inner and outer bodies. R; is the radius
of a sphere which has a volume equal to the volume of one
cylinder times the number of cylinders in the array; B 1is the
distance traveied by the boundary layer on one horizon£a1
cylinder (assuming no flow separation). This distance is defined
as one-half of the outer circumference of a cylinder. Both
Warrington and Crupper [12,16] found that defining B as the
exéct boundary layer length, determined from flow viSualizafiohs,
did not improve the results. S is defined as the ratioyof the
inner body surface area to the outer body surféce area multiplied
by the gap width, L.’

Seyeral other characteristié lengths [10,11] we;e triea.'
Thesé characteristic lengths explicitly took into account the
cylihder spacihg, cylinder diameter and the number of rows of
cylinders of the inﬁer body in relation to the cubical outer
body.' However, the three characteristic lengths, L, B and S
consistéﬁtly yielded thé best results, and will be uséd in the
correlation results shown-lafer in the text.
| The ranges of the independent correlating parameters and the
.characteristic lengths are shown in Tables 4.1 and 4.2. -

Reference to parameters which require a characteristic length

will be subscripted L, B or S to denote the appropriate
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TABLE 4.1

RANGE OF DIMENSIONLESS PARAMETERS

DIMENSIONLESS
PARAMETER MINTMUM MAXTMUM
pr 0.705 13090.0
Nuy 4.040 45.13
Nur, 3.663 " 35.41
Nug 2.657 25.44
Gr, 12.29 8.220x10’
Gr, 9.974 4.196x10’
Grg 3.393 2.:143x107
Ra, 1.245x10° 3.801x10°
Ra 1.306x10° 1.964x10°
Rag 4.449x10" 1.170x108
% 4 8
Ra', 9.772x10 3.958x10
% v 8
Ra" 9.118x10 1.913x10
# 1 7
Ra 1.633x10 8.153x10




TABLE 4.2

CHARACTERISTIC DIMENSIONS OF EACH INNER BODY ARRANGEMENT

~

NUMBER OF L B s L/R,

INNER BODY cam cm om 1
CYLINDERS (in) (in) (in)
. 3.115 6.624, 5.004

9 In-Line (3.195) (2.608) (1.970) 0.963
S 8.440 6.624 4.625

8 Staggered (3.323) (2.608) (1.821) 1.041
. 6:332 - 6.624 6.942

16 In-Line (2.493) (2.608) (2.733) 0.620

14 Staggered 6.777 6.624 6.500 0 694'

_ (2.668) | (2.608) (2.559) '

€
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characteristic'length:

RESULTS OF THE INNER BODY BOUNDARY CONDITION EFFECTS

A comparison of isothermal inner body conditions to constant

heat flux inner body conditions is shown in Figure 4.1. To

remove any geometric effects the graph is comprised of data from

only one inner body arrangement, eight staggered cylinders.

Figure 4.1 shows that for any one of the four fluid mediums, the

.constant heat flux data coincide very closely to the isothermal

data. The three remaining inner body arrangements also exhibited
a negligible différénce in thé Nusselt number for the different
boundary conditions. Overail, the avefage Nusselt‘numbér of the
constant heat flux data was only 0.44 percent greater than the
average Nusselt number of the isothermal data.

The best correlation for all of the isothermal data was

which'haa an average percent deviation of 10.48. The percent
deviation at a point is defined as the quantity of the absolute
difference between the data value and the equation value divided
by the data valué; The average percent deviation is the sum of
the individual deviations divided by the nﬁmber of data points.
The bést correlation for all of the constant ﬁeat flux data

was




70.0

. open symbols - isothermal
" closed symbols - constant heat flux
. 0O- air

O - water = AD
[ A - 20 cs silicone R oA ‘Ow

v - 96% glycerine év o® ©

10.0 Sy o®
= A\
v
ug E v o™®
b V' g
2 »
a
Al lllllll L1 lilllll L1 1 llllll 1 4 lljllll o | lLl“l =) el llll“l - 1 llllll
102 103 10t 10° 10° 10’ 108
GrS

Figure 4.1 Comparison of the Heat Transfer‘for Isothermal and Constant Heat Flux
Inner Body Conditions Using Data From the 8-Cylinder Arrangement

GE




36 , ‘

Nug = 0.221 Rag®-260(L/R;)0-494p0.016 C(4.7)

which had an average percent deviation of 11.03. |
Although there was no significant difference in the average
heat transfer'doefficient, Table 4.3 shows a noticeable
difference in the-locai ﬁeat transfer coefficients when comparing
isothermal and constant heat flux inner bbdy conditions. The
local heat transfer coefficient of each cylinder was calculated
by using the temperature difference befween the cyliﬁder and the
mean temperature of the outer body. The local heat transfer
coefficient for each row of cylinders was the average-of the
local heat transfer coefficients of the cylinders in eaéh rowv.
Table 4.3 is a comparison, using all of the fluids, of the local
heat transfer coefficients for each row of cylindérs above the
bottom row to the local héat transfer coefficient of:the bottom
row; The percentage compa;isons were coﬁsistently higher for the
constant heat flux conditions than théy Qere for the isothermal
conditions. As stated earlier, the average percené temperafure
variation of the inner body was 51.47 for constant heat flux
conditions as opposed té 12.92 for isothermal conditions. Under
constant heat flux conditions the temperatures of the upper rows
of cylinders were forced to'be increaéingly higher than tﬁe'
temperature of the bottom row. Since the enclosure caused an
inqrease in convective activity in the upper regions of the

‘enclosure, the higher temperature of the upper rows augmented the

o




TABLE 4.3
COMPARISON OF THE LOCAL HEAT TRANSFER COEFFICIENT OF THE BOTTOM ROW OF CYLINDERS,

hegyy» TO THE UPPER ROWS OF CYLINDERS (hoouz® Mrous® Mrowa)
NUMBER OF INNER BODY | h h h
INNER BODY BOUNDARY Eggyg_ x 100 EBQH§-X 100 Eﬁgﬂﬂ-x 100
CYLINDERS CONDITION ROW1 ROW1 ROWL
9 In-line 60.115 41.722
- 8 Staggered 62.833 52.318
Isothermal :
16 In-line 53.910 36.819 |, 33,925
14 Staggered : 59,021 42.428 36.475
9 In-Line o 77.515 67.752
8 Staggered Constant | =~ 79.118 70.178
’ . Heat :
16 In-Tine CFlux 75.286 63.917 57.764
14 Staggered ' 74 .409 64.355 57.586

LE
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driving potential for the heat transfer, resulting in higher
local heatrﬁransfer coefficients for the uéper'rows.
The remainder of the-téxt will not distinguish between

"isothermal and constant heat flux inner body conditions when

diséussing overall heat transfer data correlations.

| There were two major geometric'effects evident in the
experimentalldéta. First, a staggered inner body érrangement had
a slightly higher heat transfér cbefficient thah an.in-line-
arrangement of comparable size and spacing. Second, the'heat
-transfer coefficient increased when the spacing of the inner body
waé incréased and the surface area of the inher body was
deéreased.

These geometric effects are shown in Figures 4.2 andi4.3
‘which are graphs of Nuy, vérsus Ray, for all of thelexperimental

data, divided into the separate fluid mediums. These figures’

y

show that the effects of spacing and total surface area are morej

]

!

- . pronounced than the geometric effect of changing the~inner,b6dy;i

-from an in-line arrangement to a staggered arrangement off

comparable size and spacing. .
When going from nine in—line'qylinders to eight staggeréd
cylinders or from sixteen in-line cylinders to fourteen staggered

- cylinders the Nusselt numbef-increased only slightly. However,




Nu

Nu

open symbols - in-line arrangements
closed symbols - staggered arrangements

30.0 r
a2 - 4 cylinders, Crupper [16] S0
a - 9 cylinders P o G
& - 8 cylinders A A
10.0 — : *ial
— O - 16 cylinders 4 0B
]
- : o .
— v - 14 cylinders Ay 7 wgl Air
- B (0.7050 < Pr < 0.7121)
= o
lLllllI 1 | lllllll | 1 llllJll 1 | I 5 el
10° 10° 10’
80.0 RaL
& o
o
& 0 o Ao
a
F A 4
o oA af a s
. Tera vyo Y ater
g vo o (4.624 < Pr < 11.03)
‘L— -
10.0
ol Lol O RN Ny
10’ 108 10
RaL

Figure 4.2 Geometric and Prandtl Number Effects for A1l Arrangements Using Air and Water

6€




Nu

Nu

90.0

10.0

30.0

10.0

open symbols - in-line arrangements

closed symbols - staggered arrangements

59
~— © - 4 cylinders, Crupper [16] o 000°
(o}
 a - 9 cylinders o © 09 °°‘
. &

- O - 8 cylinders o © S8 a u% o
- O - 16 cylinders B“ o e

v - 14 cyHnders eb‘ g wo' 20 cs Silicone
- gV o¥ (137.3 < Pr < 307.3)

vIo ¥
o]
e e ) g el vt o] e L L N
10 108 10°
RaL
» as
a 3 e,
pasH L
(=]

=g A v
2 a] e o B8 96% Glycerine
= & % o
[ ov (541.9 < Pr < 13090)
e ov ./

f=) lljll | ek o llll | i) (el | lllll | S RN

10° 10° 10’
RaL

Figure 4.3 Geometric and Prandtl Number Effects for A1l Arrangements Using 20 cs Silicone
and 96% Glycerine

0P




41 ‘
there was a large increase in the Nusselt number when going from
sixteen in—line cylinders and fourteen staggered cylindgrs (with
diameter to spacing ratios of‘0.69)‘to nine in-line cylinders and

eight staggered cylinders (with diameter to spacing ratios of

0.55) respectively. Figures 4.2 and 4.3 also show that the data

from Crupper [16] for four in-line cylinders (with a diameter to

spacing ratio of (0.33) had a ‘larger Nusselt number than the niﬁéi

cylinder in-line arrangment.Thié supports the premise that an
increase in the cylinder spacing and a decrease in the inner body
surface area tends to increasé.the ﬁusselt numbgr substantiaily.
Warrington [12] also discovéred that an increase in thé inner
body surface area reduced its capacity to transfer heat.

Crupper [16] found thét the average Nusselt number from~the
top row of cylinders was 79.5 percent of the bottom row with a
separation of three diameters between rows. Eckert and Soehngen
{71, who‘performed a similar study using an infinite atmosphere,
found that for two horizontal cylinders, placed one above the
other and separated by a distaﬁcé of four diameters, the Nusselt
number of the top cylinder dééreased to 87 percent of the Nusselt
of the bottom cylinder. These same investigators performed the
same investigation on threé horizontal cylinders placed above
each other, the resﬁlting heat transfer from the middle cylinder
was 83 percent of the bottom cylinder while the heat transfer

from the top cylinder was 65 percent of the bottom cylinder.

—

1
3

]

'
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Since the local heat transfer coefficient of an upper cylinder
was decreased when the heated wake from a lower cylinder

surrounded it, Eckert and Soehngen [7] investigated the effect

of staggering the cylinders so that the wake from the bottom

' cylinder passed by the side of the middle cylinder. The Nusselt
number of the middle cylinder was 103 percent 6f the bottqm
cylinder, while the Nusselt number of the top cylinder was 87
percent of the bottom cylinder.

When the results of Table 4.3 were compared to the findings
ofHCrupper [16] it was evident that a decrease in the ratio of
diameter to spacing, from 0.69 (sixteen ih-line and faurteen
staggered cylinders) to 0.55 (nine in-line-and eight staggered
cylinders) to 0.33 (four in-line cylinders [16]), led to a
relative increase in the local heat transfer coefficients of the
upper rbws of cylinders. -A similar comparison was made between
fhe results of the eight and nine cylinder arrangements in Table
4.3 and the results 6f Eckert and Soehngen {7]. Their use of a
smaller'ratio of diameter to spacing, 0.25, contributed to their

higher values for the local heat transfer coefficients of the

upper rows. However, the enclosure used in this investigation, -

as opposed to the infinite atmospHere used by Eckert and Soehngen
[7], significantly -dampened the increase of the local heat
transfer coefficients caused by staggering the cylinders. This

was due to the recirculation of the warmer fluid.
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The best correlations for the nine cylinder and the sixteen

cylinder in-line arrangements were

Nug = 0.155 Rag0-279 pr0.0065 (4.8)

and
Nus’=-'0.185 RaSO.252 Pr0.029 ‘ ‘ (4.9)

with average percent_deviations of 9.00 and 11.10, tespectively.

The best correlations for the eight cylinder and the

fourteen cylinder staggered arrangements were

Nug = 0.227 Rag0-23> pr0.019 (4.10)
and )

Nu

g = 0.245 Rag0-239 pr0.020 (4.11)

with average percent deviations of 11.42 and 9.94, respectively..

As shown in Table 4.4, equation form 4.3, which is in terms of

two correlating parameters, yielded the same average percent .

deviation as the more complex equation form 4.5, which is in_.

terms of three corrélating parameters. When correlating data

from only one geometric arrangement, the characteristic lengths

L, B, and S, each give the same aVérage percent deviations for a

particular. equation form. Therefofg,,the correlations in Table .

4,4 use only S as the characteristic length.

RESULTS OF THE PRANDTL NUMBER EFFECTS

)

As shown in Figures 4.2 and 4.3, the geometric effect of




CORRELATION EQUATIONS FOR EACH INNER BODY ARRANGEMENT

TABLE 4.4

EQUATION EMPIRICAL CONSTANTS AVERAGE % | MAXIMUM %
FORM X C1 C? C3 C4 DEVIATION DEVIATION
9 In-Line Cylinders
4.1 S .156 .280 9.275 42.029
4.2 S 158 .280 9.275 42.029
4.3 S 155 .279 .0065 8.995 38.868
4.4 S .049 .280 |-30.613 9.275 42.029
4.5 S .049 .279 |-30.387 .0065 - 8.995 37.868

. 8 Staggered Cylinders
4.1 S .234 .257 - ‘ 11.796 42.107
4.2 S .232 .257 _ 11.796 42 .107
4.3 S 227 255 .019 11.422 33.053
4.4 S - .402 .257 -13.319 11.796 42.107
4.5 S .401 .255 -14.103 .019 11.422 33.053

' ' 16 In-1ine Cylinders

4.1 S .176 .263 13.676 33.999
4,2 S .200 - .263° 13.676 33.999
4.3 S .185 .252 .029 11.105 31.015
4.4 S .091 .263 -1.388 . 13.676 33.999
4.5 S .101 .252 -1.265 .029 11.105 31.015°

. 14 Staggered Cylinders
4.1 S .264 .240 11.555 31.542
4.2 S .288 .240 11.555 31.542
4.3 S .245 .239 .020 9.942 26.323
4.4 S .140 240 -1.732 11.555 31.542
4.5 S :126 .239 -1.812 .020 9.942 26.323

4%
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changing theé cylinder spacing and inner body surface area became
less pronounced with increasing Prandtl number. However, the
Prandtl number had no consistent influence when the inner body
was ch;nged from an in-line atrangement to a staggered
arrangement oflequal spacing. Warrington [12] found that the
fluid viscosity did not inf;uence the extgnt,of‘any geometric
effect, while Crupper [16], whose findings are in'agfeement with
those in thié sﬁudyf found that an increase in fluid viscosity
tended to damp out geometric effects. Crupper [16] postulated
that the difference in the findings between"himseif and
Wafrington [12], concerning Prandtl number effects, wasqdue to
the fact that his geometric change was mofe radical than
Warrington's [12].

.The best correlaﬁion equation for thé air data of all four

inner body arrangements combined was
Nug = 0.0097 Rag®-297 (r/R;)0-3% pr11.171, (4.12)

with an average percent-deviationlof 11,25. The large scatter in
_ the data for air, as shown in Figure 4.'2,. was possibly caused by
the large relative magnitude of the radiation and conduction
losses alluded ﬁo earlier. |

. The best correlations in terms of three correlating
parameters for water, 20cs silicone and 96% glycerine were

NuB..: 1.045 RaB0.17-1 (L/Rl)0.712 -Pr0.00084’ . (4.13) .
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NuS

6.075 Rag0+148 (1/R;)0.131 p~0.50, (4.14)
and ‘

Nu

g = 0.025 Rag0+324 (L/R,)0-350 p,0.165, (4.15)
with average percent deviations of 5.51, 3.08, and 4.94,
respectively. Table 4.5 showé the correlation results for each

fluid using equation forms 4.1 through 4.5.

RESULTS OF ALL EXPERIMENTAL DATA COMBINED |

"All of the experimgntal data from this investigation are
shown graphically in Figure 4.4, which is a graph of Nug versus
Ras*. The data for four horizontal in*liné cylinders from
Crupper [16] are aiso shown in Figure 4.4. In accordance with
statements made earlier in the tekt, there is very. little
difference between thé correlations for the in-line arrangements
and the staggered arrangements, as shoﬁn'in Figufe 4.4,

The best correlation for the nine cylinder énd the'sixteen

cylinder in-line arrangements combined was

with an'average percent deviation of 10.30. The best corrélation
for the ‘eight cylinder and the fourteen cylinder staggered

arrangements combined was

Nug = 0.247Ra50"248(L/Ri)0'369PI'0'020 ' (4.17) -




TABLE 4.5

~ CORRELATION EQUATIONS FOR EACH FLUID

EMPIRICAL CONSTANTS

EQUATION AVERAGE % MAXIMUM %
FORM X C C C C DEVIATION DEVIATION
1 2 3 4
Air .
4,1 S .502 .185 13.319 51.847
4.2 L .076 .337 13,103 33.820
4.3 B .456 .255 2,237 16.818 46.964
4.4 B .237 .255 .587 11.484 48.128
4.5 B .0097 207 .596 -11.171 11.255 50.051
i Water .
4.1 S 1.182 .151 7.703 21.171
4,2 S 933 .166 5.518 15.951
4.3 S | 24,164 .040 -.596 5.631 19.755
4.4 B 1.049 171 .712 5.506 19.097
4.5 B 1.045 171 L712 .00084 5.507 18.098
20cs Silicone
4.1 S .758 .190 ‘ 5.538 13.911
4.2 S .537 .213 3.424 © 9,595
4.3 S 139.922 .094 -.438 3.138 10.591
4.4 S 521 .216 .280 ‘ 3.251 8.743
4.5 S 6.075 .148 .131 -.250 3.082 9.423
96% Glycerine ‘
4.1 S .382" .215 5.493 37.523
4.2 S .362 222 4.839 40.501
4.3 S 1.452 .166 -.084 4.862 40.854
4.4 S .364 .221 .143 ' 4,777 39,108
4.5 S .025 .324 .350 .165 4.938 - 34.958
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