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Abstract:

Natural convection heat transfer in air within enclosures has been investigated over the pressure range
0f'2670-86,180 Pa (20-646.4 mm Hg), Dimensionless correlations have been generated from the data;
The best correlation found included a correction for the air density: Nul = .342 Ral."1/4 (p/patn,)".129
where L is the hypothetical gap width. The Rayleigh number in the experiments ranged over 1x10"3 -
2x1076. The geometries used were cylinder-cube (inner body-outer body) and cube-cube, with the
bodies mounted concentrically in both cases. Temperature profiles at four positions (0°, 34°, 80°, and
160° from the upward vertical) were measured for the cylinder-cube case. The thickening of the
boundary layer at low pressures and the region of constant temperature between the bodies at high Ra
were clearly observed.
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* NOMENCLATURE
. DéSCffEtion
Any characteristic Tength

Boundary layer length on the inner body

-Empirically determined constants

Constant pressure heat capacity
Length of a side of a cube

Diameter of a sphere of. surface area equal to that:of the
inner (outer) body

Acceleration due to gravity

Gravitational acceleration in the direction of the x -

coordinate

The Grashof number, gB(T]-'-TO)aspz/u2

Average heat transfer coefficient, q"/(T:-T,)
Thermal conductivity of air
Gap widths as defined on p. 23-24

Mass flow rate in the inner (outer) reg1on of the boundary
layer

A unit of pressure, 760 mm Hg = 1 atmosphere
(T -T )/ (T,-T,)
The Nusselt humber, ha/k

Pressure of air at experimental conditions

~ A unit of pressure, 101,325 Pa = 1 atmosphere

The Prandtl number, ﬁcp/k
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max

yiii
‘Description -
Heat transferred by natural convection

Heat transferred by conduction thrOugh a stagnant fluid
under similar conditions -

Heat transferred by convection per unit area

qconv(qcond
Radius of curvature :

" Dimensionless radius defined on p.19

Radius of a sphere of volume equal to that of the finner
(outer) body

The Rayleigh number, Gr.Pr
Length of the x coordinate along a body

Temperature

Inner (outer) hody temperature

Temperature at the wall
Temperature far away from-tue wall
Dimensionless temperature defined on p. 19

Temperature at yy or temperature in the fluid between the
inner and outer equ1va1ent conduct1on layers

Average temperature in the inner (outer) region of the
boundary layer

Average temperature between the inner and outer equlvalent'
conduction layers

A reference temperature difference
Velocity component in the direction of x

Maximum velocity in the profile




Symbol

=

atm

ix
Description
Coordinate along the body in the direction of f]ow
Coordinate out of the body norma] to x
Location of the velocity maximum in theTprofi1é |

Thermal expansivity of air (1/V)(dV/dT), where V is the

‘vo1ume for an ideal gas B8 = 1/T

Mass flow rate per unit depth in the inner (outer) region
of the boundary layer

Boundary Tlayer thickness or any one of three gap widths
L, L', or L" :

Local equivalent conduction layer thickness

~Average equivalent conduction layer thickness

Dimensionless y coordinate, y/§

.Viscosity of air

-Density of air in the experimental conditions

Density of air at atmospheric pressure and standard
temperature (298.15°K)




ABSTRACT

Natural convectlon heat transfer Tn air w1th1n enclosures.-has been

investigated over the pressure range of 2670-86,180 Pa (20-646.4 mm Hg).

Dlmens1on1ess correlations have been generated’ from the -data. The best
correlation found 1nc1uded a correct1on for the air density:

N = 1/4 129
NUL - q34’2 RaL (p/pa.tm)

where L is the hypothet1ca1 gap width. The Rayleigh number in the exper-
iments ranged over 1x103 - 2x106, The geometries used were cylinder-cube
"~ (inner body-outer body) and cube-cube, with the bodies mounted concen-.
trically -in both cases. Temperature profiles at four positions (0°, 34°,
80°, and 160° from the upward vertical) were measured for the cylinder-
cube case. The thickening of the boundary layer at low pressures and

the region of constant temperature between the bodies at high Ra were
clearly observed,




CHAPTER I
INTRODUCTION

The phenomenon of natural convection heat transfer within enclosures
has received a great deal of attention in recent years. There is a grow-
ing demand for an understanding of this phenomenon in such areas as |
nuc]ear'design, electronic-packaging, space heating, and solar collector -
‘design; The majority of this effort has been expgrimenta]( The non-
1inea}ity and coup]fng of the governing differential equations of conti-
nuity, momentum, and energy have made analytica1.solutions difficult to
find. Those few that exist apply oﬁ]y to relatively simple geometries,
such as concentric cylinders or spheres. | |

In the present study, natural convection hedt transfer in air from
an isothermal (heated) inner body to an isothermal (coofeq) outer body
was: investigated. More spécifica]]y, rates of heat transfer were meas-
ured for various temperature differences between the.bddies and different
pressures of air in the test space. The auter body was cubical; the
inner bodies were a'verticé] cylinder with hemiépherica] end caps and a
cﬁbe. |

The primary purpose of this investigation was to find an empirica]
correlation for the heat transferred by natural convection in air from a
body to its enclosure as a function of air pressure (i.e., vacuum). The

Rayleigh number in these experiments ranged over 103- 2 x‘106.' Sihce

evacuation of the cavity surrounding a heated device, such as a solar

collector tube,'is an effective way to reduce heat loss [1-3], such a
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ke]ationghip wdu}d be quite useful. The correlations found wgre_iestedi
against previous results. In addition, a correlation based on fhé mefhod
of Raithby and Ho]]aﬁds [4] was developed and tested agafhst the data.
Temperature profiles were also measured for some of the heat trans-
fer conditions. Thé profiles are uséfu] for elucidating gehera] t}ends,
such as the thickening'of the boundary layer at low pressure. In addi-
tion, they may'proviae a means of verification for any future numerical

or analytical solutions which may be advanced.




CHAPTER II
LITERATURE REVIEW

Natural convection phenomena fa11.broad1y into two categbriés: ‘con- ‘
vection in aﬁ infinite fluid bath, or external convection, and convecﬁion
within an énc]osur'es or internal convection. The following review is
- intended to provide‘a background for ;he present investigation and is
not a complete survéy of research in natural qonvéction.

Dimensional analysis has shown [5,6] that external natural convec-

tion may be correlated by
Nua = f(Gra,Pr)

where a is some characteristic dimension and

-~

Nu, = hEi (Nusselt number),
: 8 AT a3 p2 '
Gr, = gL__—_if—_-_ (Grashof number),
1
uc ' :
and Pr = —EE' (Prandtl number).

. Often the effects of Gr and Pr can be combined by

Nu

3 f(Raa), where

. Raa = Gra s Pr (Rayleigh number).

In this'inves'tigation,.Raa will be 'varied largely by variations in p (i.

e., pressure of the air) and also by variations.in a and in AT. .




Elenbaas [7] developed some early corre]ations‘fof external natural

convection heat transfer from a vertical cylinder:

L 1/3 1/12
qu,wexp(—Z/Nud,w) = 0.6Ra /Ra
and from a horizohtal.cy1inder:
Nug exp(-2/Nug ) = 0.16Ra} ¥/g(Ra )
d,w P d,w : giRay oW

where g(Rad,w) is a .function presented gréphica]]y.. The subscript d

refers to the d{ameter ana h to the height of the cylinder, and w means

that the flufd properties are to be evaluated at the wall temperatufé.
King [8] correlated external natural convection from'several geo;

metric shapes,‘inc]uding ohes similar to those used in this investiga-

tion, by
Nup = 0.60 Rap/* for 10%<Ray<10°
where 1. ] — 1 '
: D vertical dimension = horizontal dimension -

Holman [6] reports a correlation for a vertical cy]inder of

’

Un

39

Nu, = 0. 59Ra]/4 for

1/4 |
‘where D is the diameter-and h the height of the cylinder
L1enhard [9] found that 1am1nar external convect1on cou]d be corre—

1ated well by a balance of buoyancy and viscous forces on the body.
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Using velocity and temperature profiles for a flat plate, he obtained

Nub

. O.52Rag(4.
where b is the length of the therma]hhoundary layer on the body.

There have been several experimental and analytical investigations
of external convection to air at low Ra (low pressure of air, small
chgracteristic dimension, or small AT). Saunders [10] performed early
experiments on the pressure dependency of convection in air. He found
that Nuh for a vertical flat plate faf1s‘we11 above accepted EorreTa-
tions for Rah < 105. This is seen as a leveling off of Nu to near .
‘unity as a pure qoﬁduction regime is entered at Tow pressure. Kyte, .’
Madden, and Piret [11] extended low pressure measurements to a vacuum
in which the mean free path of the air molecules becomes comparabTe'fo
the physical body dimensions._ They found for vertical wifes that |

2
. -
In[1+4.47/(Ray &

“Nup, = ,
D' 0.2
2%
in the molecular flow regime. Here h is the height of the wire (cylin-
der) and D' is the diameter plus twice_the,meah free path of the gas.
Gryzagordis [12] reports that a vertical p1ate‘in air at low pres-

sures.obeys the standard correlation

- 1/4
Nuh = O.SSSRah
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down to Rah=10, in contrast to Saunders'{10] and'tOZSurianb ana Yaﬁg
[13]. The latter study suggests that the Nusselt number should fall
above this corre]atioh'for Rah Tower than abouf 500. The interested
reader is referred to the Titerature for further‘detai1s. » |

AnaTytica] and numerical solutions of éxterné] natura] convection
ére‘based on solving the coupled differeﬁtia] equationshbf cdntinuiﬁy,
momentum, and energy in the boundary layer approximation.[S]. The solu-
tions usually take the form of series solutions in Ra for the temperature
and stfeam functiong. Chiang, Ossin, and Tien [14] solved the case of
an isothermal spheré and presented‘graphjca1‘resu1télof velocity and
temperature profiles and local Nusselt numberé.“ Lin and Chao [15] ana
Saville and Churchill [16] presented similar results for two-dimensional
-and axisymmetric casés. Sparrow and Gregg [17] solved the equations for
a.vertical cy]jnder.and developed a‘condition under which it may be
correlated by the flat plate result: \

01/2

~£—— (h/D) < 0.15,
ar!/4 -

Minkowycz and Sparrow [18] used the technique of cha] non-similarity to
solve the case of'a vertical cylinder. The casés sd]véd fanged f}om near
thé f]af plate solution to a factor of four deviétioh from it. The read-
er is directed to the Titerature for furfher information. Finally, -
Churchill and Churchill [19] have presented a correlating équation for

all geometries of eXterna] natural convection, in both laminar and turbu-




Tent flow:

: 1/6>
T/2_..1/2 | | Ra/300 :
Nu / “=Nu +
p [1+(0.5/Pr)9/16]16/9}

1

Values are tabulated for Nuo, the Nusse]t numbék in the Timit as Ra
approaches zero, and characteristic lengths are.given for various -
geometries. In addition, corrections are outlined to acébunfufor non-
Newtonian fiuids and simultaneous heat and mass'transfef.' | |
The great majority of work in internal natural convection has beén'.
_experipentaT_ An early study by Elenbaas [20] with para11e1'verticaI

|
plates led to the following correlation:

_1D 3/4
Y ]

N D)

Rap[1-exp(-35h/DRa

where D is the plate spacing and h is the height. Holman.[6], for the

same geometry, gives the following corre]ation:

3 5

Nu < Raj < 2x10

. 0.197Ra1D/4 (/)" for 6x10

with the lengths defined as before. In an analytical study of parallel

plates, Batchelor [21] recommends using

=

' a
Nu ='0.48Raé/4 (h/0)3*  for lg-g 5

D

ol

Newell and Schmidt [22]'madé an analytical study of Tong rectangular

enclosures with adiabatic top and bottom surfaces and Tsotherma] walls at




two different temperatures. The resulting correlations were

0.397

- h _
Nupy = 0.0547GV‘D > 7 1

0.315

and Nup = 0.155Grp (h/D)~0-265

2.5 <D< .

[

Randall, Mitchell, and E1-Wakil [23] experimented with rectangular enclo-

sures tilted at various angles and reported
Nup = 0.118[Ra, cos?(¢ -45°)1°-%%

In these experiments, ¢, the angle from the horizontal, varied from 45~
90°, the aspect ratio h/D varied from 9-36, and RaD varied from'2.8x103a
2.2x10°. |

Flack, Konopnicki, and Rooke [24] performed heat transfer experi-
ments with an isoceles triangular enc]osdre with an adiabatic bottom face
and isothermal rising walls of different temperatures. The apex angle

was varied so that the aspect ratio (height/base width) ranged from

0.29-0.87. They correlated their results by ' ,
Nu1 = c3(Gr])C2 + ].589/coéé

where 8 is the angle of the rising walls from the horizontal and 1 is
their length. The constants are tabulated for values of 6. The trigo-
nometric term in the correlation is to account for conduction near the

apex, where the isothermal surfaces are close together.




Scanlan, Bishop, and Powe [25] measured convection between concen-

tric spheres. They defined an effective thermal conductivity

kepr __(rgry)

k 4ﬂkATriro

and recommend the following correlation:

k : .
eff _ 0.117RaE'276 . 1.ax10% < Ra, < 2.5x10°

k

where L is the gap width ro=ry-

Kuehn and Go]dstein'[26-28].have éna1ytica11y.and experimentally
.treated the case of concentric and eccentric horizontal cylinders. They
.present correlations based on the ratio of actual convection heat trans-
fer to that which wbuid be conducted fhrough a stagnant film layer under

the same conditibns. For air they present

4

[aggng = 0-159Ra. 272, 2.1x10* < Ra, < 9.6x10

Q = 9onv/%cond L

where L is the gap width. -L/D1=O.8 in these experiments. itoh, Fujita, _
Nishiwaki, and Hirata [43] pronose a correlation for concentric cylinders

based on a different characteristic—length:

Nu = 0.20Ra"* , Ra > 7.1x10°

where Nu = hiri1n(ro/ri) i hor01n(r0/r1)
: ‘ k . K
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3 2
_ gBAT[/riro 1n(ro/ri)] C,p

_and . Ra Ko

There exisf few studies of interﬁa] natural convectipﬁ in air at
1ow_bressure§.. Mack and Hardee [29] have examined this prbb]em for con-
centric spheres, and_Mack and Bishop [30] have done so for concentrfc
. cylinders. These are anéfytica] studies in which power sériés solutions
in Ra are developed for the temperature and ;tream functions. GraphidaT
results are presented for velocity and temperature profiles and local
Nusselt numbers. The reéder'js referred to the literature fof addi-
tional information. -

‘Koshmarov and Ivanov [31] have published an experiﬁénta]-investiga—

tion of natural convection between concentric cylinders at very low

pressures. Over the range of’10'3<GrL<104 they correlate ‘the convection
resuTts by
Q= A ] o
o' '1i
h | pe s
where 3 e /07

Temperatures here are absolute. Kni is the Knudsen number, definéd,by

Kn. = mean free path .

i Di

Recently, Marker and Leal [32] have reported an analytical result

for convection in shallow vertical annuli (three-d{mensional flow):
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6 (RahA)

A . -
Nu, = ——— 1+2.76x10 ° ————=
+
" n yIn(EH?
. Y
‘ Ari
where . A= T and vy = rk

Raithby andrH011ands [4] have developed an analysis siﬁi]ar to, but
more refined than,'Lienhard's [9] boundary 1ayer analysis. Tﬁe method
involves a balance of ‘bouyancy and viscous forces very close to the wall,
along with an assumed form for the temperatUre profile. New correfations
generated by this method include

0.317 Tn(D._/D.)
=375 ?3/% 574 Ral/4
(0, /%10, 7%7%)

Q:
374

for concentric cylinders and

O.61L1/4Ral/4
Q= 775 -7/5.574
003 (D; P4 775

for concentric spheres. This method will be gone into in greater detail
later (see Chapter V).

The present investigation is essentially a continﬁation'of work by
Warrington [33] with the same apparatus. His work involved a wide vari-
ety of enclosure geometries and fluids with a Targe range of Prandtl

numbers. The best correlation overall from his data was

Nu, = 0.425Ra) 234 (1/R, )0 498
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For the cylinder-cube geometry (inner body-outer body) the best correla-

tion was
Nu, = 0.593Ra" 240(L/R )0-434
and for the cube-cube geometry,
NuL - 0.322Ra0 244(L/R )0 466 0 0185 )

The better correlations for air in all geometries were

Q = 0.468Ra0 72 (L/R)0167
Nu, = 0.612Ra>-207 (/r.)0-908
L L ]
and Nu, = 0.570Rag'228 (L/R; )0 162

In these equations, L is the gap width between hypotheticai éoncentric
spheres of vo]umes.equal to the actual volumes of the inner and outer
bodies. Ri is the radius of §uch an inner sphere. b is the distance
traveled by the thermal boundary layer on the actual inner body, assum-
ing no flow separation. These correlations will be tried with the

present data and compared to any new correlations found.




CHAPTER III
EXPERIMENTAL APPARATUS AND PROCEDURE

The apparatus used in‘this 1nvestigati§n (see Figure 3.1) was a-
cubical test space 26.67 cm (10.5 in) along an inner side, fabricated
from 1.27 cm (Q.5 in) type 6061 aluminum. A.water jacket enciosure of
the same material surrounded this cube; it measured 35.56 cm (14.0 in)
along an inner side. The two enclosures were fastened together with
machine screws and sealed with si]iconé rubber sealant. Access was
~ gained into the test space by removing the water jacket 1id and‘a 25.4
cm (10.0 in) circular cover in the top face of the test space. The |
water jacket 1id was sealed with a gasket; the circular cover was
flanged and sealed with an 0-ring and high~vacuum grease. The 3.2 cm
(1.25 in) channels separating the two enclosures contained cooling
water. The water flow was separately adjustable along each of the six
cube faces. ' The cooling water was collected from the test éppgratus
through a drain manifold and pumped through a chiller appératus, into an
insulated storage tank, and from there through the supply manifold and
back into the test apparatus. _

Two heated inner bodies were used in this investigation: a cylin-
der with hemispherical end caps, 11.43 cm (4.5 in) in diameter and.22.6]
cm (8.9 in) in overall length; and a cube measuring 12.70 cm (5.0 in)
~along a side. The inner bodies were each mounted on a 1.27 cm (0.5 in) .
‘stain1ess steel stem of .159 cm (.0625 in) wall thickness. The Teads to

the thermocouples and heater tapes on the inner body passed through this
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Figure 3.1 Schematic of Heat Transfer Apparatus With
Supporting Instrumentation
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stem. The stem in turn passeq through centrally located holes of 1.27
cm (0.5 in) diameter in the bottom faces of the test space an& water
jacket encliosures. The holes were grooved and fitted with O-rings to
"seal against the stem. The stems were insulated with heat-shrinkable
tubing to minimize convection heat loss to the working fluid. Flow |
visualization pictures taken in a similar apparatus (but with a trans-
parent face into the tesf space) have c1e§r1y_shown this to be effective
-[33]. The stem passed through a 1.27 cm (0.5 in) Conax compression |
fitting beneath the water jacket enclosure. This fitting eéliminated
leakage of air between the shrink tubing and the stem and allowed the
inner body to be positioned vertically within the system.

Heat was supplied to the surface of the inner bddies by a series of
heater tapes of .51 cm (.2 in) thickness; .32 cm (.126 in) width, and
28.87 ohms/m (8.8 ohms/ft) resistance per umit length. Input vo]téges
to the tapes were individually variable by means of Ohmite rheostats
(0-35 ohms, 150 watts, 2.07 amperes maximum) connected in series with
the tapes. The inner bodies were constructed of sheet copper, of either
.064 cm (.025 1n)t(cy]inder) or .318 cm (.125 in) (cube) thickness.
Insulating material was packed inside the iﬁner bodies to cut down on
convection within them. There were thus three factors which contributed
tb maintaining an isothermal heated surface on the inner bodies: 1.
Individually controllable heater tapes attached to separate areas of the

surfaces; 2. Low convective activity within the bodies; and 3. Fabrica-
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tion from a high thermal conductivity material which promotes a "conduc-
tion smeafing“ effect. |

Témperatures were monitored in these experiments_by means of copper-
constantan thermocoup]es and a United Systems Corp.-Digitec 268 digital
millivoltmeter. There were 25 thermocouples epoxied .318 cm (.125 in)’
from the inner surface of the cubical test space enclosure. The number
of thermocouples per face of the cube varied from 3.to 7. ATl thermd—
couples on a given face weré connected in parallel, since it has been
found that the temperature across any face varied no more than .8°C
(1.5°F) [33].

AR ’

Thermocouples were mounted flush on the inner surface of the cylin-
drical inner body and .165 cm (.065 in) beneath the outer surface of the
cubical inner body. A1l thermocouples were flattened for about 2.5 cm
(1 in) along thé inner bodies and the outer body to minimize conduction
héat transfer’;;;ng/%he leads and resultant error fn temperature measure-
ment. Thermocouples were positioned on the inner body so that at least
one thermocouple lay within each heater tape winding. ‘

Temperature profiles between the inner and outer‘bod?es were meas-
ured with thermocouples epoxied in the ends of .16 cm (.0625f;n)‘o.d.
stainless steel tubes. Four such temperature probes were used in this
investigation, positioned at 0°, 34°, 80°, and 160° from the upward;ﬁ

vertical. The 80° probe was mounted in a vertical plane passing dia-

gonally through the center of the cube; the other three probes were in a

—
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vertical plane through the center and perpendicular to two dpposite ver-
tical faces. The stainless steel probes were positioned within probe
holders, each of which consisted of a .95 cm (.375 in) o.d. stainless
steel tube with a .i59 cm (.0625 in) i.d. Conax compression fitting
welded on the outer ehd,and .95 cm (.375 in) SAE threads cut in the
inner end. The probe passed through a .18 cm (.07 in)lho1e in the inner
end of the probe holder, and was sealed and held in place by the Conax
fitting. The cubical test space enclosure had holes drilled and thread-
ed to accept the probe holes. Thes e -holes were seated and sealed
against the ho1ders.w1th'0-rings approximately .25 cm (.1 in) from the
inner surface of the cube. The probes passed through .19 cm (.075 in)
holes in these seats and thus into the test space. The.probe holders
passed through 1.02 cm.(.4 in) holes in the water jacket enclosure and
were sealed there with 0-rings.

To perform experiménts, the inner body was posi;ioned within the
test.space, the thermocouple leads were connected to the millivoltmeter
along with a standard reference at 05C (32°F), and the heater tape
Teads were connected to the power supply. The circular cover and water
jacket 1fd were attached and sealed, and all temperature probes were
positioned within their holders. The test space wés evacuated to the
desired vacuum by means of a Sargent-Welch mechanical vacuum pump. Above
7 mm Hg, pressures were monitored by a mercury U-tube manometer and below

T wm Hg by a General Electric Thermocouple Vacuum Gadge. Power was
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applied to the heater tapes and adjusted until the desired isothermal
condition was Eeached on the {nner body. Simd1taneousiy, cooling water
flaw rates were adjusted so that an isothermal condition was obtained

onh the outer'bodx.' Typically., temperature variation across either of

the bodies ranged from .5-1.1°C (1-2°F) once steady state conditions

were reached, which took about 2 hours. The data then taken were:
thermocouple readings on the inner and outer bodies, voltage and current
in each heater tape circuit, and air pressure within the test space.
These raw figures were converted to inner and outer body temperatdresl
and total power consumed {i.e., total heat transfer rate, assuming negli-
_gib]e power Toss in the leads to the heater tapes).

The naturali convection heat transfer must.be obtained from the

total heat transfer By subtracting off the radiation between fhe bodies
and conduction down the stem. This correction was made by evacuating the
system over a period of two days to pressures in the range of 3-13 Pa
(25-100 microns Hg), where convection presumably doe§ not 6ccur [37].
Fifteen heat transfer déta points were taken in this pressure range with
temperature differences between the bodies ranging from 11.1-47.2°C
(20-85°F). A plot of heat transfer égainst tempefatureldifference re-
sulted.in a straight Tine. The equation of this line was then used in

subsequent tests to remove radiation and stem conduction contributions.
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Seveﬁty—seven data points were taken with the cy]indrical'inner
body'and 26 with the cubical inner body. The data were reduced td the
form shown in Appendix III on a Texas Instruments SR-40 calculator. The
data were then further reduced and correlated by a Fortran IV program on
the Xerox Sigma 7 computer.
| Thirteen temperature profile sets were collected also. In thése
measurements, the temperature probe was inserted into the test space'unf
tiT1 it contacted the inner body. It was then'withdrawn in small incre-
ments until the probe tip was flush with the wall of the test space.
The thermocouple voltage and distance along the traverse were recorded
at each step of the withdrawa]. A second Fortran IV program was used to
convert the voltages to temperatures and thén calculate dimensionless
temperatures and radii (see Figure 3.1):

x T-T

™ = outer body wali
Tinner body wall - Touter body wall
r* - distance from outer body wall

~ TJocal gap between inner and outer wall

P1qts‘were then made of T* against r* for. the various probe angles and
experimental conditions.

Existing subroutines [33] were used to calculate the viscosity,
heat capacity at constant pressure, and thermal conductivity of air.
The dehsity and coefficient of thermal expansion of air were calculated

from the ideal gas law. In forming the dimensionless groups used to
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correlate the data, no corrections were made in the air property values
| for non-standard pressure,_éxcept of course in the case of density.

This 1is rigorously correcf for the coefficient of thermal expansion and
constant pressure heat capacity of an ideal gas [9]. It Has been found
very nearly correct for viscosity and thermal conductivity-at pressures
above 1 mm Hg, where the flow is viscous, not molecular [34-36]. No
convection heat transfer was observed at pressures be]o@ 1 mm Hg, where
pressure corrections to property values would become necessary. All
property vélues were evaluated at the arithmetic mean fluid temperature:
_ T0 + Ti

o=




CHAPTER 1V
HEAT. TRANSFER AND TEMPERATURE PROFILE RESULTS

The heat transfer data taken in this {nvestigation have been corre-
lated in tgrms-of the dimensionless parameters which are obtained from
the nondimensipna1 form of the governing equations -of mass, momentum, and
energy. The independent dimensionless parameters used here are the Ray-
Teigh number, a correctidn for geometry, and a dimenéion1e§s density cor-
rection., The dafa include 70 data points taken over the pfessuré range |
of 2766-86,180 Pa (20-646.4 mm Hg) by the present author and 126 data
points taken at local atmospheric pressure (86,180 Pa) hrevious1y by
Warrington [33]. These two data sets will be referred to as "variable
density" and "constant-density" data, respectively. It should be noted
that tﬁere is some variation (.97-1.06 kg/m3) in fluid density in the
latter data also as the temperature changes. This second group of data
includes a third geometry, sphere-cube (inner body-outér body), in addi-
tion to the geometries described in Chapter III. There are also several
sizes of inner body included in Warrington's data for each geometric
class. The ranges of correlating parameters, pressures, and geometries
used in the correlations are tabulated in Table 4.1, Many d%fferent cor-

relations were tried. Those which will be discussed below are:

| Nug = C]Ras2 o (4.1)
Nug = C]RazC2 (4.2)
Nug = CiRag2 (L/R;)%3 - (4.3)

- C2

Nup = C,Ray ' (4.4)
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TABLE

4.1

RANGE OF GEOMETRIES AND.CORRELATING PARAMETER

Type of Data éggsr DiTntzré;;‘ons Range of RaL
Variable density | Cylinder |11.43 x 22.61] 1.7x10° - 1.9x10°
Cube 12.7 1x10° - 1.8x10°
Constant density | Sphere 11.43 5x10° - 5.1x10°
17.78 6x10° - 1.8x10°
22.86 7x10° - 4.6x10°
Cylinder §11.43 x 16.13] . 9.0x10° - 3.8x10°
17.78 x 22.61} 3.4x10° - 1.2x10°
17.78 x 20.57] 3.4x10° - 1.3x10°
11.43 x 22.61) 7.6x10° - 2.9x10°
Cube 10.16 8x10°% - 4.5x10°"
12.70 .6x10° - 2.6x10°

.2x10°

16.26

-~ 1.7x10°
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. * . . N
Nuy = C]RabC2 s (4.5)
| c -
Nug = CqRay2 (L/R)3 (4.6)
Q- C1Rag2 (4.7)
Q= C]RagC2 (4.8)
Q= CqRag2 (L/R;)®3 " (4.9)
- Co p +C3
Nug = CqRay (patm) (4.10)
i, €2 (P yC3(L,Ca
Nug, = CqRass (-——)"3 (%) (4.11)
8 18 Patm Ri
B 1/4, o ,C»
Nug = C;Rag 05;;;) (4.12)
Nug = C]Ra;/4 (4.13)
Nug = ¢iRay/? (RLi)CZ (4.14)

where L is the gap width between hypotheticé] Concentric‘spheres of
volumes equa1'to those of the inner and outer bodies, Ri is the radius

of such an 1nher’spheré, b is the distaﬁce}trave1ed by the boundary layer
along the inner body assuming no flow separation; p and patﬁ are the air
density in the experiment and at standard atmospherfc'pressure, and § is
any one of three different gap widths described be]ow; In addition to
these cor%e]ations, the data were tested against correiations recommended
by Warrington [333. Chapter V is devoted to developing and testing cor-
relations based on the method of Raithby and Ho]1ands,[4j.

Three different methods were used to determine the characteristic

gap width to be used in formulating the parameters Rag and Nug. L is as
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defined above. L' is the average gap width obtained by integrating the
local gap width over the surface of the inner body. For cubical and
spherical inner bodies, this local gap is measured along a ray origina-
ting in the center of the enc1osqre. For cylindrical inner bodies, the
Tocal gab is defined as diagrammed in Figure 4.1. L" is the gap width
between hypothetical spheres of surface areas equal to those of the
inner and outer bodies. Thus L emphaéizes the buik sizes of the bodies,
L emphasizes'the distance between the bodies, and Lf emphaéizes the
faréas on which the heat transfer takes place. |

| Figure 4.2 is é plot of the heat transfer data used in this investi-
gation, including data of Warrington r33]. For clarity, only about one
third of Warrington's data is plotted here. Figure 4.2 demonstrates
considerable geometric dependence of heat transfer, particu]af]&»in
Warrington's data. The equal-volume gap width, L, was used in formu]a— '
ting the dimensionless groups of Figure 4.2, Tab]e 4,2 lists Teast-
squares curve-fits of all the data for various correlations. The Nusselt
/9

three gap widths used, L gives slightly better results in the Nu corre-

number correlates the data better_than the ratio of q Of the

conv’ "cond’

lations, while L" has a slight edge in Q correlations., In neither éase
is the advantagé significant, and L-based correlations will be reported
hereafter, except where some particular advantage or physical signifi-

cance is associated with other gap widths.
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Figure 4.1 Local Gap Width a for the Cylinder-Cube Geometry
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" TABLE 4.2
CORRELATION EQUATIONS FOR ALL DATA

e Empirical Constants 0 cips :
. Equation Form S I Average % Deviation % of gata Within +20%
C C. C c of equation
] 2 3 4
(4.1) L §.123 | .324 18.91 . 70.41
o fLv 129 | L3201 . : 18.96 68.88
SBL"§.122 | .325 : 18.93 70.92
(4.2) L bz a7 17.86 " 71.94
L' §.136 | .315 17.93 71.94
LM §.129 | .319 17.91 : - 70.92
(4.3) L £.133 §.317 § .303 17.89 , 71.43
' L* §.137 § .315 | .301] . 17.96 71.43
L" §.130 § .319 | .299 17.95 71.43
(4.4) 186 | .301 _ 18.85 69.90
(4.5) | B RECH IV 17.95 70,92
(4.6) ].140 § .315 | (253} . 17.88 © 71,94

L2




- TABLE 4.2 (Continued)

Empirical Constants

Average % Deviation

% of data within +20%

Equatioh Form § § - .
( . . of at
¢y Co C3 Cq equation

(4.7) L |.0581} .318 18.02 69.39
L' [ .0545] .315 20.37 66.33

L* § 0500} .317 17.79 71.43

(4.8) L {.07211 .300 21.80 51.53
L' | .0649] .300 24.01 47.96

L § 0607} .302 21.71 58.67

(4.9) L {.0567} .321 |-.107 17.70 75.00
L' | 0542} .315 {-.0322 20.12 66.84

| L | .0506] .317 }-.0373 17.54 72.96
(4.13) L | .364 28.63 54.59
Lt | 372 27.97  55.10

L § .379 28. 07  54.08

(4.14) L §.317 | .360 21.47 58.16
Lr § o327 | D341 21.54 61.22

L*§.331 | 342 21.92 59.18

- 8¢
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. As Warrington [33] has pointed out, even over this wide range of .
enclosure.geometries, the heat transfer results are correlated as well by
“an infinite atmosphere type of correlation as_by one based on the enclo-
sure geometry, Correlations based on b, the length of the inner boundary
layer, provide results as satisfactory as ones based on gap widths. One
of the better correlations, equation (4.6), takes into account both the
boundary Tayer and gap width dimensions individually. When the two
lengths are combined into a single parameter, Ra¥ (equation (4.5)), the
correlation 15 only slightly worse. The enclosure geometry is not
entirely insignificant, however, as evidenced by the rmuch higher rise in
the average deviation, from 17,95 to 18.85 percent, when the enc]osﬁre
is ignored in equation (4.4).

The correlations formulated with Q, equations (4.7-4.9), are affec-
ted differently by the inclusion of the geometry parameter. thation
(4.8), based on Ra¥*, produces for all gap widths considerably greater
error than either quation (4,7) or (4.9). When L/Ri is included as an
independent parameter in.equation (4.9),lthe best fit, with L", has an
" average deviation of 17.54 percent, whereas equation (4;7); also based
~on L" but with no geometric correction, has an average deviation of 17.79
percent. Further, the gxponent on the L/Ri factor in équatidn (4.9) is
quite ;ma]], which signifies a small geometric dependence. Thus in for-.
ming the ratio of convection to hypothetical conduction heat transfer,

the area available for heat transfer is the important parameter, and the
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geometric configuration is of small importance. It seems 1ike1y'that.
the geometric variation is similar in its effect upbn the rates of con-
vection and conduction in the stagnant fluid.

An additional insight into the significance of the geométric'cdrrec—
‘tion may be gained by inspection of thé tabulations.in Table 4.2 for |
equation forms (4.1), (4.2), (4.3), (4.13), and (4.14). Uhen the .govern-
“ing differential equations of continuity, momentum, and energy are cast
ih dimensionless form, it can be shown [5] that the expected'corre1ation

for overall heat transfer is

1/4

Nua = Raa

-

where a is an appropriate dimension. The corresponding equation for an
enclosure geometry is equation (4.13). Table 4.2 show§ that.this corre-
Tation does not work well with the present data. Equation (4.1) works
much better, and it fs found that the pfeferred exponent.on the Rayleigh
number is .32, rather -than the classically expected .25. This deviation’
is amohg the mare significant resu]ts of this investigation, and at-
tempts will be made to explain it. | |

At least part pf'thisudeViation is due to the geometric .influence,
as may be seen in several ways. First, equations (4.2) and (4.3), which
inc]ude geometriﬁ cdrrectfons; efther in Ra* or independently, deviate
—]ess‘in.the ﬁay1éigh number exponent than does equation (4.1). A]éo,

equation (4.14),.which contains a strong independent geometric correction
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but retains the .25 power on Ra, correlates the data much better than
equation (4.13). This 1mprovement‘amounts to most of the improvement
achieved by allowing the exponent on Ra to Qary freely, 0f the equations
discussed so far, the best correlations with each erendent dimensionless

parameter are:

N, = .132Ra£3]7(%?)‘303 (4.15)
) 315, L +.253
Muy = L 145Rap” () (4.16)
Q = .0506Ra£§]7(%3)"°373 (4.17)
1 |

with average deviatiohs:of 17.86, 17.88, and 17.54 percent, respectively.
Since this work, as explained in Chapter II, is a continuation of

research 1n1t1a£ed by Warrington [33], his recommended cdrre]ationé for

air were tested against data taken by the present author. }he better

correlations were:-

Nu, = .425Ra; “3% () *90 (4.18)
Nu = .612Ra£2°7Q%§)'508 (4.19)
Nu, = .173Raf "2 (4.20)
Nug = .570 Raézzs(%?0‘162. - (8.21).

Nd correlations with Q fit the present data accebtab]y. Equation (4.18)
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is a correlation re;ommended for all fluids and all géomethies_ The
other corre]ations are specifically for air. The results of these corre-
lations are.presented in Tab]e 4.3. It is interesting to nbte that
équation (4.18), recommended for all fluids, works.bgtter here than the
' corresponding-equafion for air, equation (4.19). Aga%n.the'cdrrelations
with higher Ra exponents give better fits to these data. It is then nof
surprising that equation (4.20) correlates the data‘best‘among these.
There are two possible reasans why Warrington's correlations do not work '
well on the present data, one statistical and the other physical.
Warrington's air data cover a relatively small ranée Qf Ra (see Figure
4.2). Also there is considerable scatter in these data [33]. . Therefore;
the correlations preéented for air may not be highly accufate; As an
illustration of:this, in Warrington's correlations of the forms (4.1-.
4.a3), the expohent 6n Ra varies over .171-.299. In the present data,
this varfation is .300-.325. The other possibility is that there is
something physically different about variations in Ra caused primarily .
by changing the fluid density, as fn the present experiments, and varia-
tions due to changing the.gap width and/or temperature djfferenég as
Warrington did. This will be discussed in greater detail beiow.
Correlations were é]so‘generated from the data taken in thié invés-
tigation alone. These correlations are presented in Table 4;4, for
equation forms (4.1)-(4.9), (4.13), and (4.14). Table 4;4.is thus equi-

valent to Table 4.2, except that it s for the variable density data
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TABLE 4.3

FIT OF PRESENT DATA TO PREVIOUS CORRELATIONS

Equation

Average % Error

% of data within ‘

+20% of equation

(4.18)
(4.19)
o (4.20)
| (4.21)

41.39
51.65
17.78
24.33

35.71
34,29
75.71°
64.29

\r




TABLE 4.4

CORRELATION EQUATIONS FROM THE VARIABLE DENSITY DATA ALONE

1Equation Form

Empifica] Constants

C c C

¢ oy G5

1

4

Average %. Deviation

% of data within £20%
of equation

(4.
(4.
(4.
(4.
(4.
(4.
(4.
(4.
(a.
(4.
(4.

L a2 f L3100
L {.137 ] .310
L §.192 | .310}-2.486
as7 4 .a00)
152 | .308
.203 | .310-2.268
L | .o601] .310
L {.0582] .309
L §.145 | .3100.7.20
L .31

L §.371 §-2.454

10
11
11
10

10.

1

14,
14.
1.
20.
17.

.99
.02
.62
.98

99

.62
K20

63

62

A7
32

84.29
84.29
85.71
84.29
84.29
85.71
. 80.00
78.57
85.71
68.57
80.00

9¢
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only. It is striking that, in forms (4.1)-(4.9), any inclusion of the
geometric effect in,the‘correlation actually worsens the results.
Clearly the variation between, the two geometries used here (see Chapter
III) is insignificant in Ehe overall heat transfer rate. Again the
boundary layer length corfe]ations are near]y as accufatg as those based
" on gap width. This is somewhat more surprising in this casé, becau#e
‘the thermal boundary Tayer bécomes thicker at Tow Réy]eigh numbers and
the infinite atmosphere approximation should becoﬁe less ﬁcturate. But
since the boundary layer length is an easy dimension to define, a corre- s
Tation based on this length é]one is useful. .
The Q correlations were not as satisfactory for the variable density
data. In thié case, though, accuracy was remarkably 1mbroved by inclu-
ding ah\ihdependent geometric parameter in the correlation. The best of

the above correlations of each type are:

} .310
_ .309 ' ' ,
Nuy = .157Ra; (4.23).
Q = .145Ra 310(Ly-7-20 (4.24)
. LR

with average deviations of 10,99, 10.98, and 11,62 percent, respectively.
Equations (4.22) and (4.23) are plotted on Figures 4.2 and 4.3, respec-

tively.
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Equations (4.22)-(4.24) were tested against all of Warrington'é air 
data as an.additional check on their validity. These equat{dns resuitéd
_ in average deviations of 23.09, 22.01, énd 2206 J{sic) percent, respec-
tively. The very large error for equation(4.24)signifies_that'thé
geometric correction calculated from the present data alone is uhreTiab]e.
With only two geometries used, the range of'L/Ri was not great'enough‘to‘
produce an accurate dependence. It is recommended that, in vaf%abje-
density problems with widely varying geometries, equation (4.22) or
(4.23) be used. These two equations do ﬁot fit the dafa particularly
well at pressures near atmospheric, However. (Narrjngton's data were
taken at 86,100 Pa (646 mm Hg), whiéh.is Tocal atmospheric pressure.wheré
these experiments were performed.) It is therefore furthgr recommended
that, in problems near atmospheric pressure, correlations of Warrington
[33] be used. -

Since equation (4.24) was entirely unsatisfactory'in correlating

the previous data, the following equatiop from Table 4.4 was tried:

10

Q = .0601Ra; (4.25)

The resu]tiné average deviation was 19.17 percént, a somewhat better fit
than either equation (4.22) or (4.23). Equation (4.25) is plotted on
Figure 4.4.

The présent data from the cylinder-cube and cube-cube experiments

are plotted in Figures'4.5 and 4.6, respectively, The recommehded
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correlations for the cylinder-cube data are:

' .316
Nu, = .128Ra; 1 (4.26)
Nuy = .136Ra; 3! (4.27)
Q = .0516Ra£3]6. | (4.28).

In all cases the average deviation is 8.08 percent, and 92 percent of the
data fall within +20 percent of the equation. For the cube-cube déta,

the recommended correlations are:

293

Nu, = .184Ra; (4.29)
) 293 oy
Nup = .210Ra;"": '(%.30)'
Q = .0885Rar2%° (4.31).

L ' .
The average :deviation in each case is 19.85 perceht, with 80 pércent of
the data fa]Ting within +20 percent of the eq&ation. Clearly the cofre-
lations used so far, which are based on the assumed smooth boundary
layer flow over the.heated body or on behavior similar to a spherical.
body of similar size, do not work well on the cubical'inﬁer body. The
1ikely source of error 1s‘that buoyant forces, which act vertically, do
not act in:thé direction of flow along the top and bottom faceé, which
thus produces a situation quite different from that of.a rounded object.

This subjeét will be taken up in greater detail inAChapter'V.
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LOW DENSITY RESULTS

Figure 4.7 is a plot of all the data taken in the present 1nvestiga-‘.
tion, over the pressure range of 2320-85870. Pa (17.4;643.4 mn Hg). There
is no discernible break in the slope. When the data above and below
26660 Pa (200 mm Hg)'are correlated sepafately, the following resu]fs.are

obtained:

317

NuL" = .143RaL" » P < 26660 Pa ' - (4.32)

.303

.158RaL"

Nu

Lo , P > 26660 Pa (4.33)
with average deviations of 15.03 and 6.42 percent, respectively. It is
expected that the slope would decrease at 1ower"Ray1ei§h‘numbefs (10.13).
but this s not evident here.’ The slight increase in slope obéerved ié
probably not significant, because the scatter in the data becomeé larger
as the .heat transfer rate decreases. At Tower Ra, the convection. heat
transfer is much smaller than the radiation contribution, so whén.the
radiation is subtracted from the total, the result (convection) contains
a fairly large error. Since the Ra exponent is only slightly changed,
the range of data in Figure 4.7 wifl be considered a siﬁg]e regime  here-
after. |

It has been hypotheﬁizgd above that the Rayleigh number and geo-
mefric corrections alone do not adequate1y correlate hafura1 convection

over the present range of lower pressures. To test this hypothesis, a

\
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dimension]ess density parameter was inserted into the basic correlations
(équation§ (4.10)=(4.12)). The results are presenfed in ‘Table 4.5. Of
primary importance is the result that equation (4.12) correlates the data _
as well as any other, 1ndeed slightly better. The only way in which 
equation.(4.12) differs from the ciassica1 correlation (equation (4.13))
is in the 1ﬁc]Qsion of the density parameter. This mﬂdificatién alone.

is enough to affect the great improvement in-the correfatjon shown 1in
Table 4.5. This is the most compelling évidence that the deviation of
the Ray]eigh number exponeht from the expected .25 value is due to the
variation in fluid .density. Even equation (4.10), 1in which the Rayleigh
number and density‘parameter are each allaowed to vary freely, does not
correlate as well as equation (4.12),.1n'which Ra 1is fixed at the classt
cal one fourth power. Equation (4.11), in which the geometr%c paramefer |
is also included, $1ightly worsens the correlation. As noted abové,'
however, the ranég-of geometries in_this data.is'quite small, and thus
the cafcu]ated geometric effect is not very re1ia?1e.

~ “The classical correlation alone, NuL=.311Ral/4,'cdrre1ates the‘data

with an average deviation of 20.47 percent. The modification of the |
: exponentliﬁvequation (4.1),
| = .142ra; %10,

and the inclusion of the density parameter in equation (4.12),

- 1/4 129
Nu = .342Ra " "(p/p 01 "7

Nu

each reduce the average deviation by about half, to 10.99 and 10.92




TABLE 4,5

DENSITY-CORRECTED CORRELATIONS FOR THE VARIABLE DENSITY DATA

cquation Form s [;Empwlzal Cor(:s*tant'%C Average % Deviation % of ggtgqﬁlz?gn +20%
1 2 L3 G
(4.1) L | .1a2 ] .310 10.99 84.29
(4.3) Ll o1o2 ! 3102486 11.62 85.71
(4.10) L pr.a7s | 148 .328 11.59 . 85.71
(4.11) L |1.747 | 155 .314]-2.201 11.88 85.71
(4.12) L] a2 129 10.92 84.29
(4.13) L | .31 20.47 63.57
(a.14) L 17.32 80.00

.378 }-2.454
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percent, respectively. Either equation (4.1) or (4.12) s easy to use;'
with fhe advantage going to (4.1), since it’'contains one fewer parameter.
It is the author's opinioﬁ that both of these equations may be used con-
fidently in reduced-pressure heat transfer calculations, as Tong as -
pressures are within the present range and‘ihe'geometries are not radi-
cally different from these. |

The success of the density correction.introduced has been further
tested with Warrington's data. These data were taken atllocal‘atmdspher-
ic pressure, which may be viewed as avpartfal ”vacuumﬁ-at 86000 Pa (645 |
mm Hg, or .85 atm). A1l of the present data and Wérrington's data were
correlated with equations (4.10)-(4.14), and the results are presented in
Table 4.6. Equation (4.i3) correlated all the data with an average de- |
viation of 28.63 percent. The geometric correction in.equation (4.14)
improved this figure to 21.47 percent, while the density'correctionlin
equation (4.12) did slightly better with an average deration of 19.76
percent. This is additional evidence that the change in depsity is the
major influence in the exponent of the Rayleigh number.

The entries in Tables 4.5 and 4.6 for equatioh-(4.10) are striking
in comparison. When this equation is used fo 6orre1ate the variable-
density data only (Table 4.5), the Rayleigh number exponent is .148.

This demonstrates that the major vériant in the Ray]éigh.number in the
pfesent experiments was indeed the @ensity, becéuse the Ra dependence is

much weaker when the density dependence is incTuded -independently.




DENSITY-CORRECTED CORRELATIONS FOR ALL DATA'

TABLE 4.6

'Equation Form

Empirical Constants

Average % Deviation

% of data within +20%
~of equation-

N
(4.1) 123 | .234 18.91 70.41
(4.3) 132 | .317 ¢ .303 17.86 71.94
(4.10) 145 | .313 | .0256 18,97 70.92
(4.11) 969 | .131 §.408 | .571 17.53 70,41
(4.12) .359 { .151 19.76 '70.41
(4.13) .364 28.63 54.59 -
' (4.14) 317 21.47 58.16

.360

p
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In the corresﬁonding entry in Table 4.6, the Ra dependence is back to -
.313.power, and the density parameter dependence is qufté small at .0256
power. This is merely an illustration of the strong slanting of the data
towards the atmospheric'case, i.e., waffington's 126 -data points wefe,a]]
taken at atmospheric pressure, whereas only 70 data pofnfs were .taken
over the entire pressure range. The correction for both density and
.geometry, equation (4.11), does yield further irproved results (see
Table 4.6), with an average deviation of 17.53 percent, but ‘it is ques-
tibnab]e whether the additional gain in accuracy over eguation (4.10) or,
indeed, over equation (4.3) (see Table 4.2) justifies the additional
computational effort. It is clear that édditiona] data with other geo-
metries over the entire range of pressures would be useful to fully
evaluate the relative 1mbortances of geometrié and density corredfionS'
to the basic correlations.
In summary, and realizing that the geometric effect remains unclear

at Tow pressures, (226660 Pa), the following correlations dre recdmmend-

ed over the range of pressures encountered here:

Nuy = .142Ra[310 ' (4.34)
Nu, = .342Ral/4(p/patm)']29 (4.35).

It should be noted that the primary mode of heat transfer at'1ow pres-

sures is radiative, which is geometry dependent, Therefore, even if
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" geometry does not significantly affect these correlations, it will have

a large effect on overall rates of heat transfer,

TEMPERATURE'PROFILE RESULTS

Temperatﬁre profi]eé between the cylinder and the enclosing che
over the range of ekperimenta] pressures are disp]ayed.in Figure§'4.8;
4.11. Immediately evident is the thickening of the boundary layer on
the inner body at lower pressures (Figurés 4.8, 4.9).. At higher pres-
sures (Figures 4.8, 4.11), the five regions reported by Warrington [33]
are observed: a steep drop at the inner body, an inner transition
region, a level zone with perhaps a slight‘tempeéature inversion,'an
outer transition zone, and a fairly steep drop again at the outer wall.
These five zones are-conjfncing]y present only ?Or.the 34° and 805
probes (see Chapter IIT). In every case the Of and 160° profiles have
no ppinté of inflection, and a steep drop ;t.the inner wall slowly levels
off to a less drastic monotonic decreéseﬂover the remainder of the gap.
There is never a regioﬁ of constant temperature as with the 34° and'80°
probes. This result agrees well with analytical results of Mack and
Hardee [29] and experiments of Scanlan, Bishop, and Powe [25] for con-
centric spheres. The velocity profile at ﬁ60° presented by Mack and
Hardee qindicates very 1ittle convective activity; this is also supported
by flow visualization pictures of Warrington [33,401. The 160° tempera-

ture profile of Mack and Hardee at Ra=1000 is also a monotonically
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Figure 4.8 Temperature Profile Data at Two Different

Pressures: Solid Lines--AT = 23.3°C
(42.0°F), Pressure = 16.3 mm Hg; Open
Symbols--AT = 20.7°C (37.2°F), Pressure =
641.9 mm Hg.
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Figure 4.9

Temperature Profiles at Two Different
Pressures: Solid Lines--AT=30.2°C
(54.4°F), Pressure=48.0 mm Hg; Open
Symbols--AT=18.7°C (33.6°F), Pressure
=149.6 mm Hg.




Figure 4.10 Temperature Profile Data at Two Different

Pressures: Solid Lines--AT=23.8°C (42.8°F),
Pressure=248.8 mm Hg; Open Symbols--AT=

22.9°C (41.3°F), Pressure=505.7 mm Hg.
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Figure 4.11 Temperature Profile Data:

AT=22.8°C (41.1°F),

Pressure=396.8 mm Hg.




54

decreaéing_function of the same form as the 160° Tow pressure profiles
in Figures 4.8-4.9. At higher Rayleigh numbers the initial drop becomes
steeper, and the high-temperature region becomes smaller. Theseiére
manifestations of the decrease in boundary Tlayer fhickness,at.high
Rayleigh numbers. The monotonic decrease in the temperature.proffle at
.160° 1nd1cates.that heat transfer at this position f§'near1y pu}e con-
duction [33,29]. |

The form of the profiles at 0° is similar to that at 160°, but for
a different reason. warfington-[BB] reported exp]anations'of McCoy et
al [41], Bishop gj;gi_[42], and Scanlan et al [25], that the form of the
0° profile is due to a corner eddy and flow separation near the top of
the inner body. This effect is apparently present over the entire pres-
sure range of the present experiments,ibecause the form of the 0° profile
in Figures 4.8-4.11 is virtually unchangedf If the flow Qere smooth and
attached to the top of the inner body, Mack and Hardee's [29] analysis .
would predict a downward, rather than upward, éonca&ity on the profile
for 0°. Warrington found this to be the case for fluids of higher
Prandtl number (i.e., higher viscosity).

The ordering of the profiles vertically changes over the range of
pressures. At Tow pressure, and excluding the anomalous behavior of the
0° profile, the ordering is as would be expected: 160° profile Towest
and 34° profile highest. This demonstrates the heating -of the fluid as

it flows up the body. At higher pressures, Figure 4.8, this ordering is
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maintained onfy extremely close to thelinner wall and at distances well
away from the inner wall. The probable explanation is that there is no
well-defined bouﬁdary 1§yer yet formed at- the 160°'position, and the heat
transfer.is Targely conduétive, as stated above, .In é]] cases, the 34°
profile is above the 80° profile, as would be expected.

The region of higher temperature near the inner body is much larger .
at the 34° position than at the 80° position. This corresponds to the
increase in boundary 1§yer.thickness in the direction of fiow, as would
be expected. It is also possible that the outer body has an effect dn
. the 34° profile. The 11.4x22.6 cm (4.5x8.9 in) cylinder used here fills -
most of the vertical space within the enclosure, so that the flow at 34°
on the inner body may well be impeded by return flow along the .top face‘
of the outer body. -Flow visua]izafion data of Warrington [33] show that
at the 34° position the corner eddy mentioned above has Begun to form.
There is thus a region of near stagnation close to the inner body, which
would account for the anomalously Tinear inner transition at 34° in
Figure 4.11. Farther away from the body the flow is again smooth and the
expected leveling off of the profile between the inner and outer‘quies
occurs. _

The 80° profile’is the most idealized form. At.this point in the
flow, there is considerable distance between'the inner and outer boundary
1ayer§, the boundary layer has had ample sbace to develop and stabilize,

and there is no negative pressure gradient and resultant flow separation.
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The slight temperature inversion in the 80° profile near the outer tran-
sition region is due to.the small rotational motion of the fluid between

the inner and outer boundary.1éyers.




CHAPTER y
A MODIFICATION OF THE METHOD OF RAITHBY
. AND HOLLANDS FOR CUBICAL GEOMETRIES

The methoﬁHbf genérating natural convection heat transfer correla- .
tions dgVelopgd by Raithby and Hollands [4] -is introduced in Appendfx I.
To summakize, the assumptions df'the model are: |

T. Laminar flow, with constant fluid properties;
2. Boundary Iayers are thin compared to the radius of curvature;
3. Linear temperature profile in the inner reéion of the
boundary layer;
4. Insignificant acceleration forces in the inner region, so
that yiscous and buoyant forces balance; énd
5. The ratio of buoyancy in the inner region to totAIVbuoyancy
'in the boundary layer depends on the Prandtl number:on]y'
and not on geometry.
Assumptions 1 and 2 have been removed by further developments in the
model [4,44].

There will be two sections to this chapter: an adaptation of
Raithby and Hollands's result for concentric spheres to the present
geometries, and a.quification of the basic theory to account for con- -

"vective flow around a cube. It is worth clarifying at the'outset that

this method always generates correlations of the form

L (or Q) = ¢, Ra”4 (5.1),
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where G is a correction for geometry.

CONCENTRIC SPHERES:

The starting point for generatihg a correlation based on concentfic

spheres 1s equation (A1.16):

S,
1 i,0
T *“or. dx
- S1,0 S1,0 % 1.0 1,0
4.0 pal/8 Sy To ~T.(Xy ) p,a X - |
1,085 [‘1 ' i i,o( i,0 m" i,o-)S/B( 1,0)1/3Y_4/3dx ]3/4
> Si 00 ATr g 1,0 71,0

(5.2)
where the subscripts i,0 signify that the equation may be applied to
ejther the inner or outer surface (see Figure 5.1). This form of
equation (A1.16) is for axisymmetric flow, which is somewhat of‘an ap-
proximation for the cubical inner or outer body. It will pe assumed,
however, that this effect on overall heat transfer will be slight [33].

The heat transfer out of the inner body is

(1. - T.)
q = TTI(D? __._-I_.___m_
1 K
i
where Tﬁ is the as-yet undetermined average fluid temperature between the
inner and outer conduction Tayers and Di is the diameter of a hypothet-
ical sphere of surface area equal to that of the inner Body. Equation

(5.2) may then be written as




59

-
b

'
!

'
'
i
|

|
lX
Pl
|
!

‘
!
|

!
|
i
i
I

od

Figure 5.1 Nomenclature for the Cylinder-Cube Geometry




60

_ fﬁfDi o {5‘%1ridﬁ}.

A. .
1 1/4;21)3/4 T,-T (x) 5/3 1/3 3/4
C Ra {(D ! {[ f ( AT ) / (- X‘) / 4/3dx ] / }

5 g

(5.3)
For a given shape of inner body, all terms in braces are constant and may

be absorbed into E}, resulting in
Ai = :j*—ﬂnﬂi . (5.4)

where RéDi is based on Ti'Th' The heat flux is then, after absorbing w

into Ci
q = kDy(T,-T )C.Rap
3. 2
or ggDC p~
- = ipt a1/4,+ < \5/4
q = kD Cy [ 1" (T-T)) ™ (5.5)
A similar analysis for the outer body Teads to
3~ 2 ‘ N .
gD _C o
- = 0°p~ 41/4,= - \5/4
q = kDG Co g1 (T T ™ | (5.6)

Since Tﬁ is still undetermined, these heat fluxes may be equated'under
the condition on Tﬁ such that E'=§}=C} which leads to
: 5/4
080”10 (Ty=T)**
kn - -7/5,,-7/5\5/4
(0740 1)

(5.7)
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In dimensionless form this becomes
1/4 . 1/4
,Ra(S .

o ' S
=
{(0%7/5 + D;7/5)5/4 ﬂDf i

Nu

$

s _ . .
or Nu(S = CiRaS 3 . - (5.8)

where § may be any one of the three gap widths L, L', or L" discussed in
Chapter IV. |

Correlation (5.8) was tested against the variab]e density data and
the results are presented in Table 5.1. The results for all data are
presented in Table 5.2. Also included are results from a similar corre-
lation:

C2

% :
Nuy = ClRaS (5.9)

S

Equation (5.9) correlates the data better as the Ray]gigh number exponént
increases above the .25 value (cf. Chapter IV). L" is. the bést charac-
teristic dimension to use in equation (5.9), a]tﬁough no one gap width is
superior in equation (5.8). It is clear that the cylinder-cube geometry
is better modeled by this equivalent spheres correlation than the cube-
cube geometry. This was as expected, since the cylinder used, with hemi-
spherical end caps, is a smoothly rounded object, whereas the cube is
sharp-edged and has large flat surfaces. As may be_séen by comparison

with Table 4.2; no improvement in the overall correlation for all geomet-

ries is effected by either equation (5.8) or (5.9).




TABLE 5.1

.- CORRELATIONS (5.8) AND (5.9) WITH THE VARIABLE DENSITY DATA

o

Empirical Cbnstants

% of data within +20%

Equat19p Form 8 ‘ Average % Deviation of equation
. . C ¢
1 2. 4
(5.8) L §1.620 21.04 71.43
all geometries § L' .612 20.84 71.43
, L" ¥1.616 20.95 71.43
cylinder-cube L .575 18.63 70.00
geometry L' §1.575 18.63 . 70.00
. L" §1.575 18.63 70.00
cube-cube L .754 24.68 60.00
geometry L* §1.754 24.68 '60.00
L' §1.754 24.68 60.00
(5.9) L §1.113] .308 25.28 '82.86
all geometries § L' .109¢ .303 15.18 81.43
.087§ .306 84.29

14.94

é9




TABLE 5.2 -

CORRELATIONS (5.8) AND (5.9) WITH ALL DATA

Empirical Constants

% of data within +20%

Equation form 8 _ » Average % Deviation of.equation
: 01 C2 C3 C4 | : - ~
(5.8) _fL §1.840 23.13 62.24
all geometries § L' [ 1.846 - 23.28 62.24
L* §1.850 23.40 62.24
(5.9) L [1.268] .299 { 18.52 65.31
all geometries § L' §1.256§ .297 18.74 66.33
L" .301 66.84

1.207

.37

€9
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FLOW ARQUND A CUBE

The failure of the method to correlate these geometries is that it
does not account for heat transfer along horizontal surfaces, in this
case on outer or inner cubes. In this section the theory will be mod1-
fied to correct for horizontal flow, and a new correlation will be devel-
oped which improves the fit to the cube-cube data. This correlation will
be developed for the infinite atmoéphere case, whfchﬁassumes that T;.is‘
constant. -This will lead to some error (see Appendix'l), but the corre-
sponding infinite atmosphere cofre]ation for the cube %s also presented
for comparison purposes. Any error due to the infinite atmosphere ap-
proximation will then be present in both cases, and the improvement
effécted by the new correlation will be the‘différehce'in error between,
the two. 1In fbrming the infinite atmosphere correlations, I; is taken

S (Ti'To)/z‘ _

The nomenc1atur§ fqr flow around a cube is presented in Figure 5.2.

With reference to equation (A1.14), the Nusselt-number may be written as .
1/4 IS 41/3 ]/3 dx]3/4

Nug = :S— . 1 . (5.10)
AQ; §fo r dX

By symmetry, and assuming that the flow along-each vertical cube face is .
independent of that along any ather, the flow may be divided into four
equivalent sections.as shown in Figure 5.3a. Each section is thus ap-

proximately two-dimensional, so that equation (5.10) reduces to
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Figure 5.2 Nomenclature for Flow Around a Cube
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Figure 5.3 Idealization of Flow Around a Cube:

The Shaded Regions are of Equal Area
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The integral in equation (5.11) vanishes along the top and bottom of the
cube. Thus no heat transfer s predicted on these faces and the correla-

tion reduces to the vertical plate case [4]:
1/4 . '
Nug = .52%Ra)/t . (5.12)

This correlation, when applied ‘to all of the cube-cube data, resd]ts in
an éverage deviatioﬁ of 36.13 percent, with 16.39 percent of the data °
falling within 20 percent of the equation. In the correction which
follows, each one fourth of the cube will be modeled as in Figure 5.3b.
This involves an approximation in that the flow is modeled as strictly
two-dimensional. The model is that the fluid flows uniformly over the
top and bottom faces in Figure 5.3b rather thén gathering towards the
center of theseifaces as in Figure 5.3a.

Assumption #4 above does not apply along the tob and bottom surfacésﬁ
It was therefore decided to form a force-balanqe on these sur%aces be- -
tween viscous and acceleration, rather than buoyant, forces. Then the
equation of momentum-becomes |

2%u
3u2

u au

X

ol

Following the suggestion of Bandrowski and Rybski [39] the velocity pro-

file was assumed to be
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u=u_n(l-n? (5.14)
“Mmax ¢

where n=y/§ (boundary layer thickness). Equation (5.14) is the velocity
profile for fully developed laminar free convection between vertical
plates at two different temperatures [5]. The flow between concentric
cubes here is not fully developed, so the adoption of this profile does

involve an approximation. & is then replaced by A thé\conduction layer

2°
thickness, which introduces some further approximation (see Figure Al.1).
But for fluids with Prandtl numbers not too far removed from unity, such
as air, the momentum and thermal boundary Tayers are of comparable thick-
ness, so that the error is probably not too great. With this assumption
the velocity profile may be rewritten as

_ A B
u “max%(? Mym) : - (5.19)

Two final assumptions will now be made concerning the velocity pro;
file on the top and bottom surfaces: That dumax/dx=0 and thaF dFO/dx=0.
The first of these implies that the flow is uniform and fully developed
over these surfaces. .This is clearly nn approximétion, since by symmetry
the velocity grows from zero at the centers. But if the region of this
growth is Targely near the center, this approximation is notvover1y
restrictive. The second approximation states that fluid enters the outer
region of the boundary layer from the stagnant region at a rate\whinh '

equals the growth of the inner region. The rate of growth of the inner
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region is determined by a balance of energy absorbed.from the wall with
total energy convected in the boundary layer (éee equatfon (5.17) below).
Flow visualization dafa [33,40] lend some justification to this assump-
tion 1n that fluid does appear to enter the boundary layer from the |
stagnant region as the flow advances. The physical justification of
fhese two assumptions is tenuous at best, but the motivation fdr'éqch of
them is pragmatic. The first assumption leads to a much more’ tractable
differential equation for Y (equation (5.21) below). The second assump-
tion alleviates the necessity of having to {ndeﬁendent1y eva]uafe the
parameter v(T o~ T )/(T -T )“ Raithby and Hollands did not have to evalu-
ate this parameter, because they were able to 1ndependent1y evaluate the
parameter C in which it appeared by means of the standard flat p]ate
correlation (see Appendix I). But the author is aware of no spch corre-
lation for horizontal flow over horizontal surfaces, so the assumption
above will be made. These two assumpéions will Tead to an expression for
ym(x). This expreséion will then be modified fo conform to a physically
more realistic situation. The result, it is hopéd, yi]] partTy compen-
sate for unrealistic assumptions made previously.

Following the development of Appendix I, the mass f1QW‘per unit

depth is obtained from an integrafion of u(y) from 0.to Y

_ oM . M2 L
Ty = PUax m(2 I TTQ s . ‘5']6)
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The energy balance on the control volume in Figure Al.] is, for T>Tye

k(Tg-T ) ary T, _
T= Cp a—' (T]-Toa) + Cp 'ax— (To_Too) N
With the above aSsumption-thjs becomes
k(TS—Tm) ) dry . _

— C = (T-T) .

T} is found by integration over the linear temperature profile:

T . J3" Tyudy
by

which becomes

where

2
-30M+
1 [20-30M+12M°

" 30-40M+15M2

Combining (5.18) and (5.19) yields

Combining (5.20) and (5:16) results in

Ym dx [P Ypax WpEd = Cp B
where '
2
=1 _2M M
E=p - A

ItT -

(5.17)

(5.18)

. (5.19a)

(5.12b)

(5200

(5.21a)

(5,21b5
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The solution to equation (5.21) is

2kx ]]/2

y:[_._.____.___.
m . Cp max® BEM My

(5.22)
At this point the main phyéica] hypotheéis is made: that the inner re- .
' gion grows from zero thickness independently along each surface of the
cube, so that Yin =0 for both thgitop and bottom faces. Along the Verti-
cal face, the grgwth.of Y is assumed to be that of tﬁe vertical flat -
plate case, équation (A1.9). In other words, the boundary:1ayers_ére
uncoupled to the extent that the inner regions are independent. The
flows remain coupled in that the assumed velocity profile on thé top and
bottom surfaces, equation (5.14], is seen as the product of f]oQ over the
entire cube. The disturbance in the flow caused. by negot1at1ng the sharp
corners of the cube is modeled as a collapse of the inner region.

Manipulation of equation (5.22) leads to the result that the inner
region would grow much more quickly on the horizontaf'surfaces than on
the-vertica1 face, where equation (A1.9) is expected to hold. It was
decided then to attenuatelthe growtﬁ rate of equation (5;22); but to keep -
the same form, so that the-innér region thickness at the edge of the
bottom face is the same as if it had grown along a vertical plate of-the
same length. To detefminé this attenuation factor, a specific expression
is needed for u__ . To preserve unity, and to introduce an expreséion

max

with independent physical merit,.umax is also chosen.as the value it
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would have if it'had grown along the vertical plate, as with Yy i.ely

equation (A1.4) is used for Upays SO that
Upax = ™ Ymi [g'- §J ' _‘.,=§5323)

where ym1 is the value described above, -or foﬁ'the bottqm face - .

ML . ) | |
Y. = . (5.24)
ml CLRa1/4. o e

where L=d/4. Similarly, for the top face

=_M§§]L/L4 o - (5.25)

Iml

When equations (5 24) and (5. 23) are substituted into equat1on (5 22)
under the described constraint, the ‘attenuated formvof,equat1on-(5.22)
becomes
| vz ey
Ly = 202[-————-———-—] S (5.26)
7m Cp maxBEM o - |
To perform this calculation, M was taken as Raithby and H011ands 'S recom-.
mended value of .4 for air. | 4 ' ‘
With equation (5.26), heat fluxes can-be calculated. On the bottom
face, with M=.4,

y_ = 1.019 [k 174,172
. CopBATOL
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so kKM(T. - T )
. qu. = S o
yﬁ
and
_ AT - 1) 98ATp” C,L /s f -
9 T.a9 - F
= 7.851LkMATRa, /* L (5.27)
Similar calculations for the top face result in )
“q = 6.421LkMATRa, /* (5 28).
For the vertical face, equation (Al. 9) is used for y , so that -
_ 1.019x
Ym .R /4
3
gkam 9BATC, o 14 i Vg
and ' . q = 1.019 [ k.u ] I
= 14.818LkMATRa, /* (5.29)

Then the total heat transfer for this one fourth of the'cube becomes .
q = 1.028kdATRa /.

In dimensionless form,

Nug = .868Ray/*. ST (5.30)

Equation (5.30) correlated a11:of_the cube-cube data with an aVeFagé
deviation of 16.04 percent, with 82.16 percent of the'data falling within

+20 percent of the equation. The improvement gained by this ‘analysis is -




74

remarkable, from 36.13 to.16.04 percent average deviatioﬁ; The develop-
ment could most Tikely be improved by using more realistic assumptions
about the maximum ve1dcity and mass flow rates, and perhaps by emp]qying
a better type of constraint on the value of Y at the Sottom edgé of tﬁe |
cube. Despite the many approximations anq assumptions intrdduced in this
development, the fit of the resulting correlation over a wide réﬁge of
gap widths- (Warrington's data) and pressures (the present author's data)
is encouraging. It is also worth noting that this correlation was dévé]-.
oped for the infinite atmosphere case, and still the_fit is as:good as
any other for the cube-cube data (cf. equations (4.29)-(4.31) and Table
5.1). o




CHAPTER. VI
CONCLUSIONS

This investigation has demonstrated the importance of the fluid
density in correlating natural convection in air at low pressures. New
correlations have been generated over a wide range of air préssureé.'

The two the author recommends most highly are

310

Nu .142Ra£

L

Nu )~129 . '

.342Ra1/4 (o/0

L atm

The density correction has been shown to be more 1ﬁportant than the
geometric correction at Tow pressures, as demonstrated by the Qéod fff
of the density-corrected correlations of Table 4.5. It is’the author's
opinion that either of the above two correlations may be uSed-Withisbme.
confidence to predict convection heat transfer in a .course vacuum
(pressure > 1300 Pa (10 mm Hg)) when the. space surrounding fhe inner
body is not much Targer than the body itself. .In-infinite;atmo;phere
type-situations, where the gap width L becomes larger than the inner

body, the author recommends a boundary layer length correlation such as

309

Nu, = .157Ra5

b

It has also been shown that the characteristic dimensjon chosen in.
correlating heat transfer between three-dimensional objects'is not cry-

cial: dimensions based on gap width, bulk sizes, surface areas, or inner
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hody boundary layer length work equally well.




APPENDIX I , o
DERIVATION OF THE METHOD OF RAITHBY AND HOLLANDS

In 1975, G. D. Raithby and K. G. T. Hollands [4] published a method
of generating new correlations for ﬁatuka] convectioﬁ heat transfér.
The method is based on forming a balance among‘buoyant'acceleratién, and
viscous forces in the boundary layer very close to the wall. The follow-
ing is a brief outline of the physical development of the -method. For:
greater details, the reader is invited to consult the cited publication.

It was hypothesized that the boundary layer 1h natura1'con9ective
flow could be divided into inner and outer regibnﬁ, Y <Y, and y S‘ym
.(see Figure A].])L Under the assumption of negligible homentum transfer
- across the velocity extremum at Y2 the force balance in phe inner re-
gion may be written independently from that in the outer region. It;Was
further assumed that acceleration forces in the inner region are negli-
gible. Other‘assumptions included: all fluid properties are constant;
boundary 1ayers are very small relative to the radius of cﬁrvatﬁfe of
the submerged body; the temperature protile in the inner region is
Tinear (Figure A1.1)§ the ratio of the‘bubyant force in the inner région-
to the totai buoyancy of the boundary layer is a function of the Prandtl
number only and invariant with x, the position along the bédy.

'The momentum equation in the x divection is

2. p, - oly) .
9 u o

= g (A1.1) .
aXZ u X o

where gy is the gravitational acceleration in the direction of x. With
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the 1inear temperature profile assumption and the approxihation
o, - p=pB(T-T)

one may write

. 0 = 0(¥) = -pB(T,, - T)(1 - ML) . (AL.2)
: " “m _
where
M = TM - TS = {_ -
Te=Ts 4y
AQ is the Tocal thickness of a stagnant conduction layer with.heaf trans-

fer equivalent to the actual convection heat transfer. Substituting
(A1.2) into (A1.1), one obtains ’

u_ o, U

:-pB
Byz

-T) -
o X M
T 9(1 Y, y) .

(A1.3).
Integrating this equation with appropridte boundary conditions at y=0 and
y=ym.y1e1ds |

QB(I”'Ts)'

L, Yy 3 |
U= ——— gy {(yymfy2/2) - M(—ﬁm-— €§;)} . (AL.4)

Equatioh (A1.4) is then fntegrated to give the mass flow per unit depth

(into the paper in Figufe A1.1):

: ' 4 3
2 (Tm‘Ts) Yy

- m 5My. ‘
Ly = 08— gx(- 5) (1 8‘)‘ . . (A1.5)
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SERIESY

control vo ume

LW

Figure A1.1 Nomenclature of the Method of Raithby and Hollands
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The energy balance for the control volume in Figure Al.1 isz

(TM-TS) - dr, dr.

i T i = .
Cp(T-T;) + v gz Cp(T-T,) (A1.6)

k Y dx

where the definitions

dTO/dX
Y= aTi7dx
and T, _ = average inner, outer fluid temperature

1,0

have been used.’ T} is found by using the linear temperature profile as-

sumption and equation (Al.4):

y .
%]n Ty u dy .
P T which becomes
£ u dy
0
= _ 5/8-2M/5
Ty=Ts+ (Tp - T9) ewrs
This may be rewritten as
T Ty 1 5/8-2M/5 S (A1.7)

TM—TS M 1-5M/8
Equations (A1.5) and (A1.7) are combined to yield

dr, TT, ‘
a | 15825, el
ywx = WAy - s Tyt (ALE)

»

Equations (A1.5) and (A1.8) could be solved for Yo andjthus for the heat




81

transfer, if the parameters M and Y(Tw—Tb)/(Tm'Ts) were known. At'this
point the main hypothesis of the development was advanced: .fhat these
two'parameters debend only on the Prandtl number (Pr) of the fluid and
not on the geometry, as long as the condition ym<<R(x) (radius of curVaf
ture) i§ fu]filjed.' With this hypothesis, the Pr dependence of these
parameters may be found for any geometry and then appTied to any other
geometry. | | -

The author;-found the Pr dependencé for the éase of the vertica1‘
flat plate. Spéé{fica1]y, the Pr dependence of a new single parameter
~in which only the.above two parameters appear was determined. The |
“analysis begins by combining equations (A1.5) and (A1.8), rea]izing.fhat

gx=g=cohstant for this case, to obtain after integration

Mx |
Yy = 77 , (A1.9)
.CzRaX ,
where
g -T2 W T TT-EMg T Y T ST -

and RaX is based on Tm—TS. The importanée of C, may be demonstrated by

')
first formulating the heat flux into the wall
(T -T)

9.=k
A Y

and thus the Tlocal heat transfer coefficient




82

h = qx = ._IS._ ___._Tm-Ts = ..ISM.
x A(T -TS Yin Iw-TS Yoy

1/4
X

The heat. transfer may thus be calculated when the Pr dependence of Cz
alone is known. No knowledge of the Pr dependence of the two parameters
M and Y(Iw'TS)/(Tm'Ts) is required. The authors quoted a similar solu-

tion result of Rohsenow and Choi [38] for Cy:

c, - 0.48[Pr/(.861+Pr)]/%

which was then used to replace equation (A1.10) in the general case.
In extending the method to two-dimensional and axisymmetric geome-

tries, the authors first defined an equiva]ént conduction thickness

In steps which resemble the vertical flat plate development, an equa-

tion for P is found by eliminating Y from (A1.8) using (A1.5):

ar’? o 29,8(T,T,) (1517173 (A1.11)
dx " 3BCp 3u ° o
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where

T
. 1 _ 5/8-2M/5 © g
B=F-"TEwE * YT {A1.12)

Solution of this differential equation with the boundary condition Fi=0

at x=0 (see Figure A1.2) yields.

4. 9. 1/3 1/4
G i
CzRaX i 9y : .
(r 2;)

The average conduction thickness is found by an integration of the local

heat transfer over the length of the boundary layer, resulting in

1 ¢s i
o= sh o (A1.14)
YR/t s oai %xV/3 34T '
2% E; % (r a;) dx]

In these equations, i=0 and i=1 for two-dimensional and axisymmetric
geometries, respectively, and E@=(4/3)C2.

The finé] modification of the theory for application to convection
within enclosures involves the fact that T is no 1ongér constant with

x. In this case the energy equation (A1.6) becomes

sy Cod ro(r T)1 + opld [ (T.-T)
Yin Pax Hitle™ti/e T WP Ligtia™lg/d:

The assumption that B, equation (A1.12), depends only on Pr is somewhat

~ Tess satisfactory here because of possible variation as Tw-Ts changes.
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Figure A1.2 Nomenclature for Two-Dimensional

or Axisymmetric Flow
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Realizing this approximation and proceeding as before'yields

. g 1/3 1/4
A (x) = —X_ XAT it (A1.15)
2 1/4 . g T/3 .
. CgRax (r1 X AT )
g ATr-

where ATr is some reference temperature difference on which Rax is based.

The -average conduction thickness becomes

1 s 1
- r dx
pU— s b . (A1.16)
Poggalt s g Py
2s S Y 1 .

Equations (A1.13-A1.16) are then the startfng point for the analysis in
'\ Chapter V. | '




APPENDIX II
DATA REDUCTION PROGRAMS

The following are Fortran Ivlprogfams used to reduce the heat trans-
fer and temperature profile data. The subroutines CURFT and ERROR are
used to correlate the heat transfer and are called when neeaed by the
mainline program. The function T is used to conveft.thermocoup1e read-
ings to temperatures. fhe inputs to the heaf transfer program are the
"dimensions of the .inner and outer bodies, their temperatures, the convec-
tion heat fransfer rate, and the pressure. The inputs to the temperature
‘profile program are the local gap width, the temperatures of the inner
and outer bodies, and the microheter and thermocouple readings at each

“step in the traverse.
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DIMENSION QHOPE(5@@),FEASTAF(S00),XXNUSC500)sX(€s500)
DIMENSION ZASTAER(500),GE0(522),XPR(502),
1 ZZNUS(5920),XRACS5@2)»ZRAC5PD)»C(6) 5 DEN1(500)
C
C**x*HEAT TRANSFER DATA REDUCTION
C
C***K IS A COUNTER
K=0
PI=3.1415927
C***READ IN A NEGATIVE VALUE OFK ZEFO FOR IDB FOR LAST RUN
50 READ (105,25) IDBs»XCUBE»SD»XXXsTAUGIs TAVGY,Ps PEESMM
25 FORMAT (15, 7F9«4)
C***IDB IS THE GEOMETRY IDENTIFIER

C 1-SPHERICAL INNER POPDIES

C 2-CYLINDRICAL INNER EBODIES

C 3-CUBICAL INNER PODIES

C***XXX IS A RATIO OF CYLINDER AND QUTER BODY DIMENSIONS
C XXX=C(LENGTH OVERALL=-SD)/(XCUEE=SD)

C *x**xXCUBE» SD» AND XLEN ARE OUTER AND INNER RODY DIMENSIONS
C***P 1S THE CONVECTION HFAT TEANSF’ER C(RTU/HE)
C***PRESMM IS THE EXPERIMENTAL AIF PRESSURF (MM HG)
C***5A IS THE INNEER EBODY SURFACE AREA
C***xKI 1S ThE RADIUS OF AN EQUIVALENT VOLUME INNEK SPHERE
C**x%xDI IS THE ERADIUS OF AN EQUIVALENT AREA INNER SPHERE
C***RO AND DO ARF CUEKESPONDING VALUES FOR THE QUTER RODY
C**xPLL 1S THE LENGTH OF 1THE BOUNDARY LAYER ON THE INNEK BODY
C**x*ALL DIMENSIONS ARE IN INCHES
c

IF (IDR) 100,100,530

30 K=K+l

IF (KeEQ@e«1) OUTPUT I1DBs»SDsXXX

GU TO (455,6) IDR
C ***SPHERES» CUEICAL OUTER FRODY

4 SA=PI%*SD*SD

FO=(C (3« ¥ACURE**3) /(4 *¥PI))%%(1e/30e)

RI=SD/2.

CAP=R0=-SD/2. .

IF (SDeEQe4s5) QRATIU=e91763GAP1=44.47

IF (SDeEQe7¢0) CRATIO=«8013€2;CAP1=3.22

IF (SDeE0«942) URATIO=¢552401;GAP1=2422

RLL=PI%SD/2.

DI=SD

GO T0 11
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C***CYLINDERS,CURICAL OUTEER RODY
5 XLEN=XXX*(XCUFE-SD)+SD
SA=PI*#SD¥(ALEN=SD)+PI*SD*SD
RO=C(3¢*XCUFE**3)/(4e*FI))**(14/3s)
EI=CSD/4e)%((12¢*%XLEN/SD)=4e)%%C14/34)
GAP=FO-FRl]
IF (XXX«EGCeQ+3083) CRATIO=1+.228%;CAP1=4.58
IF (XXX+EQe@+5429) GRATIO=1+1243;0AP1=3+49
IF (XXX+EQ+Q+3143) QGRATIVU=4+96913CAP1=3.31
IF (XXXeEGeQe7333) GRATIO=1+82023CAF1=4.083
BLL=PI*SD/2++XLEN=-SD
DI=SQET(SD*XLEN)
GOUTOL ')
C***CUEES>CURICAL OQUTEK BOLY
€ SA=6+*%SD*SD
FO=C (3« *XCUBE**3)/(4«%PI))*%*(1e/3:)
RI=CC3e*SD%%x3)/(4e%P1))**%(1e/3:)
GAP=RO~HKI
IF (SDeEGQe44¢d) GRATIO=1.4709;CAP1=4.16
IF (SDeEQeS5+0) QRATIO=1+523556AP1=3.53
IF (SDeFEQe6+4) QRATIO=1+€62755 CAP1=2+63
ELL=SD*2.
DI=SQERT(5A/PI1)
11 ‘CONTINUE
DO=14.519
CAP2=(LU=-CI1)/2.
C**#DT IS TEMP DIFFERENCE FETWEEN INNEF & OUTEK BODIES
DT=TAVGI-TAVGO
Cx*xH IS THE AVERAGE HEAT ThHANSFER COEFFICIENT (B/HR=FT**2-})
H=P*144./CDT*SA)
C *x*CALCULATE THE MEAN TEMPERATURE (LEG K)
TM=C(TAVCI+TAVGO) /2.
C***TAVUGs MEAN TEMPEFEATURE (DFG R)
TAVG=TN+459. 69
C***CALCULATF THE FLUID PROPFFTIES
C**x*ARSOLUTE GISCUSITY OF AIR C(LEM/Hh=FT)
CO=134.375
Cl=6.0133¢34
Ce=1.84328299
C3=1433471050
VIS=TAV(**C2/(EXPC(C1)*(TAUC+CA) *%C3)
C***SPECIFIC HFEAT OF AIK C(FETU/ZLEM=R)
CO=2«23€T7715/7C10¢%%5)
Cl=.2797749
SH=C1+CO*TAVC
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C***THERMAL CONDUCTIVITY OF AIR. CBTU/HR=iFT=Fk)
XP=e1l
CP==8+5964965
Cl=34490+89
C2=8€6K.23837
C3=805€5:38
7 FX=XP
F=CO+C1*FX+Co*FX*¥FX+C3*FX*FX*kFEX=-TAVC
FP=Cl+2%C2%FX+3+ kFX*¥FX*C3
XP=FX=F/FP
IF (AESC(XP=FX)/FX)=eQ001) 85857
g. COND=XP
C***DENSITY OF AIR (LEPM/FT*%3)
DEN=eB7625%(PRESVNMN/T6R«I*(519«€9/TAVE)
DENICR)=LFN
C*THERMAL EXPANSIOW COEFFICIENT OF AIR C1/K)
BET=1+/TAVG
C *%*THE PRANDTL NUMPRER
PR=VIS*SH/COND
XPR(K)=Ph
C***THE GRASHOF NUMEER
GR=32+ 1 7T4*%PET*DT*(CAP** 3¢/ 1 728« ) *DF I *DEN*3600 %3600/ (VIS*kVIS)
C *%%THE NUSSELT NUMRER
XXNUSCK) =H*CAP/(COND*12.
C*%*THE RAYLEIGH NUMEEER
FA=CR*Pk
XRAC(K) =FRA ’
GEO1=GAP**e 25/)C(DI%*%(=1e4)+DO*%(=1e4))%k*]25%P1*DI*DI)
C**¥RASTAR IS THE MODIFIED RAYLEICGH NUMFEE (KA*GAP/KI)
EASTAR(K)=FA*CGAP/KI
C**%QSPH IS THE HEAT TRANSFER BY CONDUCTION RETWEEN CONCENTRIC SPHERES
QSEPH=PI*COND*XCUBE*SD*LT/ (€«*(XCURE-SL))
QCOND=QRATIO*QSPH
C*%x*%QHOPE IS THE RATIO OF @ CONVECTION TO0 @ CONDUCTION
QHOPECK)=F/QCOND
GEO(K)=GAP/KI
C**#CALCULATE PARAMETEERS PFASED ON THE BOUNDARY LAYER LENGTH
GR=32¢ 1 7T4*%BRET*DT* (ELL*BLL*ELL/Z 1728+« )*LEN*DEN*3600e %3602 7(VIS*xVIS)
ANUS=H*FLL/(COND*12+) :
KA=Gr*Ph
ZKEACK) =ERA
ZASTAR(K) =RA¥*GAP/K1
ZZNUSC(R)=XNUS
GO TO 52
100 CONTINUE




90

C***0UTPUT DIMENSIONLESS RESULTS
WRITE (128,2000)
2002 FORMAT (1H15, 7HRUN NOes»3Xs17HGEOMETRIC FACTORS)
WRITE (1026,2001)
2001 FORMAT (1H »10X»15H @QHOPE GEQ)
DO 202 NN=1sK
Q=QHOPE(NN)
G=GEO(NN)
WRITE (108,2802) NN»Q@sG
2002 FORMAT (1H sIS5sE14«45E11e4)
200 CONTINUE
VREITE (108,3020)
3000 FORMAT (1H@s THEUN NOes11Xs»17HGAP WIDIH RESULTS»
1 15X, 29HROUNDARY LAYFE LENGTH RESUL1S)
VKITE (10&,3001)
3001 FORMAT C(1H »14Xs3HNUSsBXs 2HEAs TXs EHEASTAR> 12Xs
1 3HNUS» 8BX» 2HRA» 7Xs 6HEASTAR)
DO 3PB NN=1,K
XNUS=XXNUSCNN)
RAX=XFEA(NN)
RASTX=KASTAK(NN)
ZNUS=ZZNUS(NN)
FAZ=ZKACNN)
RASTZ=ZASTAE(NN)
WRITE (108,3002) NNsXNUS»>FAXsFASTXsZNUS»EAZ>HASTZ
3002 FORMAT C(1H sI1SsE16e452F1)1e4sE16e452E114)
320 CONTINUE
C***THE FOLLOWING STEPS ARE DIFFERENT FOR
C DIFFERENT CORRELATIONS
DO 115 N=1,K
XClan)=1s
KC(2sN)=ALOG12C(XRA(N))
115 X(3>N)=ALOG1BCXXNUS(N))
NU=23NOB=K
OUTFUT °*COREELATION #1°
CALL CURFT(NVsNOB,»X,C)
CALL EREOR(NVsJNOBsX»C»55Q)
Cl=10+**%CC(1);0UTPUT C1
FND
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SUBROUTINE CURFT(NVUsNOFs»X5C)
DIMENSION X(6,250)5C(6)5SC75,7)
DOUBLE PERECISION S.D

C LEAST SQUARES = NU INDEPENDENT VARIAPLES
Cc WRITTEN RY Ke Ee POWE = MECHANICAL ENGINEERING
C Y=X(NU+1,1I) = NOE= NO« OF OBRSEEREVATIOJNS
C CCI)=COEFFICIENT OF X(I)
M=NV+1]
MP=M+1
DO 1 I=1.M

DO 1 J=1,MP
1 SC(I,J)=0.D9
DO 2 I=1,N0B
DO 2 J=1sM
DO 2 K=},
2 SCJsKI=SC(JsKI+X(Js 1) *X(Ks1)
SC(1,MP)=1.D0
IF (NV=1) 997,997,998
997 SC1sAd=SC1582/5C191)
GO TO 999
998 DO 16 LK=1,NV
11 IF €SC121)) 13212213
12 WRITE (1086,20)
20 FOEMAT (' EQUATIONS IN SUFROUTINE CURFT ARE DEPENDENT - IGNORE FOL
1LOWING ERROR ANALYSIS")
DO 30 1II=1,NU
30 CC111)=0.
GO TO 31
13 DO 14 J=1,M
14 S(MsJ)=SC1,J+1)/5(C1,1)
DO 15 I=2,NV
D=SC(151)
DO 15 J=1.¥
15 SCI=15J)=SC1sJ+1)=D*S(M>»J)
DO 16 J=1,-M
16 S(NVsJ)=S(M>sdJ)
999 DO 3 I=1,NV
C(I)=S5CI,1)
WRITE (1@8s,4) I1,CCI)
FORMAT (' '510X,»'COEFFICIENT OF X'»12,'="'5E15.8)
RETURN
END

- D W
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SURROUTINE ERROE(NVsNOE»X»CsSSQ)
DIMENSION X((ﬁ:QZB):(‘(é):S(l@;lQ‘):A\JP(IJ)JF\JFL(AGG)JHNFLS(Q@@)
DOUPLEK PRECISION YCsTS»TE»YC1
ERKOR ANALYSIS = NOR OBSERVATIONS
Y=X(NU+151) =~ SSQ@=STANDARD DEVIATION
CCI) - CONSTANTS
WEITTEN RBY Ko Ee POWE - MECHANICAL ENGINEERING
M=NU+1
TE=Q-DO
TE=0.D0
EMX=0.
DO 5 I=1,5
S ANP(I)=1.
WHRITE C(108,1)
1 FORMAT ('0'55X>"'Y EXPERIMFNTAL'>8X»' Y CALCULATED'»S5X»
1 'NUMERICAL ERFOF's5Xs 'PER CENT EEROR")
DO 2 I=1,NOR
YE=X(M»1)
ADD EQUATION FOR YC AT THIS POINT
YC=0.D2
YC=CC1)+C(2)*X(2,1)
YC1=1Q«%%YC
‘YE1=100+**YE
E=YCI1-YE1l
EP=100+*E/YF1
EPA=ABRS(EP)
IF (EPA-EMX) 65657
7 EMX=EPA
6 DO 8 J=1»55
ACD=J%*5
I1F (EPA-ACD) 959,8
9 ANPCJU)=ANP(J)+1.
8 CONTINUE
TS=TS+E*E
TE=TE+AESC(EP)
2 WRITE (108s3) YE15YClsE»EP>1
3 FUOEMAT (A4E20e8»15)
A=NOR
SSE=(1857A) %%« 5
TE=TE/A
WRITE (108,4) SSE»TE
4 FORMAT C('0'510Xs, "STANDAKD LEVIATION='»E15.8,5Xs '"AVERKAGE PER CENT D
1EVIATION="»E158)
WRITE C198,10) EMX
10 FORMAT C(*02',304%s "MAXINUM PEE CENT DEVIATION="'sE15«%)
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DO 11 I=1,55
XNP=ANP(I)
XNP=102e«%2ZNP/A
ACD=1%5

11 WRITE (1€8,12) XNP»ACD
12 FOEMAT (S5X5E15+8,2X%5 "FER CENT Or DATA WITHIN'"»2Xs5E15.5,2X>»
1 *PER CENT OF EQUATION®)

KRETUERN
END
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C***TEMPERATURE PFOFILE MAINLINE
K=0
29 K=K+1
C*xxDF 1S GAP SFACING :
C**%*xUHIGHAVLOW AFE THEFMOCOUFLE READINGS AT END3 OF TRAVERSE
FEEAD (105,2000) DFEsUHIGH»VLOW
2000 FORMAT (3F10.4)
C***xEEAD IN A NEGATIVE OR ZEERO FOR DR FOE LAST PEOFILE
IF (DR)> 120,10¢,30
30 GO TO (€31,32,34,36) K
31 WRITE (108,4001)
4021 FOFMAT (1H1,'PROBE NO« 1)
GO TO 49
32 WRITE (108, 4202)
4002 FORMAT (1H1,'PRORE NO.2")
GO 10 4@
34 WRITE C1@8s,4004)
4204 FORMAT C(1H1,'PFOEE NO« 4")
GO TO 40
36 WRITE C1Q8&,4006€)
4006 FOFRMAT (1H1,'PROFE NO. 6')
40 THIGH=T(VHIGH)
TLOW=TC(VLOW)
DT=THIGH=-TLOW
WRITE (10&,3020)
3000 FORMAT (1H@,'DIMENSIONLESS DISIANCE DIMENSIONLESS TEMPERATUERE'
)
C***EEAD IN MICFOMETEHR AND THERMOCOUPLE FEEADINGS
45 READ (105,2201) FMICKOsVOL1
-2001 FOEMAT (2F1@.4)
C***READ IN A NEGATIVE OF ZERO FORK VOLT FOF LAST REALING IN PEOFILF
IF (VOLT) 20,20,50
50 RSTAR=(DK=FMICRO)/Dk
TT=T(VOLT)
TSTAK=C(TT=~TLOW) /DT
WRITE (1@8,3001) KSTAFK»1S1AR
3001 FOERMAT C(1H »F16¢4,F28.4)8
GO TO 45
120 CONTINUE
END
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FUNCTION TC(ED

DIMENSION C(8)

DOURLE PRECISION TOT
CC1)=491.9€6562
C(2)=4€6.381884
C(3)==1.3918%64

CC(4)=P« 15260798
C(5)=-p.020%20Q1612
C(6)=0.0016456956
C(7)=~6+6287090/C1D«*%5)
C(8)=1+0241343/C1Qe%*%6)
TOT=0@.DQ

DO 1 I=1,8
TOT=TOT+CCID)*(E*x*(]I=1))
T=TOT

RETUERN

END




APPENDIX III
PARTIALLY REDUCED DATA

The f011owin§ is a listing of 511 the data used in the heat transfer
program, including that of Warrington [33]. The data were reduced to.
tﬁis forh on a Texas Instruments SR-40 calculator. The dimensions are
inches on XCUBE and SD, °F on'TAVGI and TAVGO, BTU/hr on P, and mm Hg on
PRESMM. 1IDB and XXX are unitless, |




97
IDB  XCUBE SD XXX TAVGI TAVGO B PRESMM
2 10.5000 4.5000 *« 7333 99.804 50.954 2.846 19.4
2 10.5000 4.5000 «7333 130.174 50.472 5.962 19.4
2 10.5000 45000 #7333 125.619 49.152 9.081 48+0
2 10.5000 4.5C00 » 7333 103574 48+ 181 44276 48.0
2 10.5000 4.5000 + 7333 82.299 47192 3663 480
2 10.589¢ 45000 » 7333 €9.402 48+ 509 1.982 480
2 10.59200 4.5000 » 7333 68596 45.568 3.321 99.9
2 10.5000 4.5000 « 7333 81.723 46545 5.291 99.9
2 10.5000 4. 5000 * 7333 95.094 46727 €015 99.9
2 105000 4.5020 + 7333 121.952 49.509 13.0201 99«9
2 10.5000 45000 +7333 119.798 47.€49 16184 145.5
2 .10.5002 45000 « 7333 99.92¢2 48030 9457 145.5
2 10.5200 445000 » 7333 83.€612 58.052 6.1€2 149.6
2 10.5000 4.5000 « 7333 15386 49.431 3.€€2 145.5
2 10.5000 452002 *« 7333 10929 45.¢621 4764 1997
2 10.5000 445200 « 7333 83.510 464212 1959 199+ 7
2 102.5200 4.5000 «7333 1P€-169 49.210 14.024 199.7
2 10.5208 45000 * 7333 132.235 Sle0€1 244398 1997
2 10.5200 4452929 ¢7333 128.958 49.444 25+ €624 248.8
2 10.5002 4.5000 *+ 7333 108.5(7 49319 1€.389 248.8
2 1@.5020 45000 « 7333 92225 -49.440 1053€ 248.8
2 10.5000 4.5000 » 7333 73.122 48.09¢8 4.15F 248.8
2 19.5800 459200 « 7333 T4.9€€ S8.871 T«298 30390
2 10.50200 4.5000 » 7333 91.129 49.2€8 12.5€3 303.0
2 10.5000 4.5000 « 7333 12€.362 48750 18613 324.1
2 10.5000 45000 ¢7333 129896 S1«834 29.382 305.8
2 10.5829 45000 + 7333 125.85¢ S50.149 32018 39€.8
2 10.5028 4+ 5000 + 7333 1@7.952 46098 23.089 39€.8
2 108.5000 45000 « 7333 Blece€ 46667 13198 39¢6.8
2 12.5000 4.50020 « 7333 €9.88¢€ 47272 T7+¢541 39€«8
2 10.5000 45000 *« 7333 73158 51083 Ced429 52547
2 16.5000 445000 ¢ 7333 9c.087 5@+ 773 164991 5057
2 1050909 45000 «+7333 110.93¢ 49327 B1«738 . 5857
2 18.5029 4.5200 e 7333 125550 46917 39503 5857
€ 10.5870 4.5009 + 7333 124.€€0 45+ 750 44022 59947
2 105008 4.520@ * 7333 112.045 S1-174 30895 599.7
€ 10.5¢0e9 4.5090 »+ 7333 IP517 48« 1¢6¢ 19270 5997
2 10.59¢3 4.5000 « 7333 13«€686 47991 11095 5597
2 185200 b.5000 « 7333 L4.270 48.046 11653 641.9
2 10.5029 45000 « 7333 89+558 52341 16895 €41.9
2 10.5000 4.5000 «7333 109.518 48.312 32653 641.9
2 18.5000 445000 #7333 127.956 49.575 45272 64149
2 10.5200 4+ 5000 « 7333 106.912 49.0825 4037 29.9
2 10.5209 45900 « 7333 96.926 503.014 2+816 29+9
2 10.5200 4.5000 «7333 1224592 53.667 3.287 15.9
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105000
10.5000
1050020
105000
1052292
105203
105090
105229
105002
1050092
105000
105000
105000
105229
105002
12.5900
105022
10.5200
105000
105000
1050600
125000
105020
105000
12.5000
10.5000
105802
10.5000
10.5000
10.5020
1050002
105000
125000
105000
105000
10.5000
10.5222
105000
180.5000
10.50209
10.5020
12.5000
105000
105002
1050920
105000

4.5000
4.5002
4.5200
4.5000
4.5000
5.0200
50222
5.0000
5.2002
5.0020
50022
50000
50029
S.0000
5.02000
5.0000
5.0000
5.0000
5.0000
5.02000
5.0002
50000
5.00020
S5.2000
S5.000¢
45000
4.5022
45020
4508090
45000
4.5000
445000
4.5000
45000
4. 5000
4.5000
4. 5000
4.5020
4+5000
4.5000
70000
7.0000
70000
70200
70000
700020

« 7333
« 7333
+7333
« 7333
« 7333
« 0000
« 0022
<0002
«2020
00080
« 0000
« 0000
« 0000
«0000
0000
« 2000
« 0009
« 0000
<0000
0000
«0000
«0002
00020
«P000
« Q000
<0000
<0002
<0000
« 0000
+0000
« 0000
<0000
« 3000
« 0000
+ 0000
0000
<0000
« 0000
« 0000
<0000
+ 2009

«2009.

+ 0000
<2000
«2Q00
«Q000
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125.194
182604
87174
79606
124.833
110.203
135444
113.319
62213
€6.181
192.98¢
16€6.8K0
116551
72.412
88.471
136972
121.556
80.523
€9.632
T2+ 046
115.518
88.435
910197
75.90¢€
124875
50364
151242
69.892
111854
59.3¢€4
95.048
162340
S51.181
129.312
T4.095
13€6+511
S8.400
126.508
162.216€
88+440
BO«45€
140787
64.406
101575
171.€621
1244271

52.136
54.310
52568
52409
S2.477
49.613
47099
48.258
454560
45.265
46+ 682
48« 546
S0.424
48e 144
4T7«697
48717
52673
4€+311
47183
49451
49.759
46972
46242
46818
48.218
38650
38.374
39010
39. 708
44.837
37776
38052
39+ 754
38834
40 1€7
38512

S«793
38«€34
39«€¢2
444198
41574
38.282
37975
384972
49197
404351

3967
6-044
3.827
3.051

11.82¢

2289
11.561
5.390
4354
3940
10715
38.782

13.018

6+288
10«4€1
34.688
30.231
11374

17317
13219
34750
18« 146¢€
25077
14.888
51262
12526
43.923

9427
22905

3673
17957
49777

4800
27244

9678
354025

8. 640
3e.885
15+408
11.289
23+5€8
89369
21275
47153
126974
10091

1641
740
740
740
T74.0
17«4
3%.1
39.2
39.8
934
95«6
1092.9
979
18€.1
1973
201.0
2974
297+ 4
97«4
44945
44945
84945
€43.n
643+ 4
€43+ 4
€C4€. 4
646 Yy
646« 4
646+ 4
6464
6464
6464
6464
646« 4
646+ 4
6464
646+ 4
64Fe 4
ClLEe 4
6468
646l
64 4
€464
CUCe 4
6464
646-ﬂ_
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105000
105002
105020
12.5000
1250029
10.50€0
105000
105002
10.5000
105030
105022
190.500¢
105020
12.5000
10.5020
12.50020
105002
105927
105000
10.5€00
10.50¢¢
105200
19.5a2°
105200
125,80
1257020
105000
10502080
1¢.5200
120.5000
12.5000
105200
1050020
105200
125200
105020
12.5000
10.5010
105820
10+ 5€290
105200
10.5020
10.500¢

7-0000
70000
70200
7-02002
7.00¢0
702000
72000
70000
9.00800
9.0000
9.0000
4.5000
4.5000
45000
445009
45000
4.5000
45000
4.5009
4+5020
4.5020
4o 5200
4.5000
Te 2820
Te AN
Te 060
7.022%0
70000
72002
T.2209
T.00200
70020
7.2000
7.0020
7.-0200
70220
7-00220
70200
7.0000
700202
70000
70000
7.0000

<0200
« 0000
« 0000
« 0000
<9020
- 0000
« 0000
<2200
« 0082
«P00RY
«00020
« 3083
« 3083
« 3063
« 3083
« 3053
« 3083
« 3083
« 30863
«38n3
« 3083
« 3083
e3¢ 3
e 5429
s 5429
«Slgg
« 5429
« 5429
« 5429
« 5423
« 5429
« 5429
« 5429
« 5429
« 5429
« 542y
« 54029
«31423
«3143
«3143
«3143
«3143
«3143
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159+.29¢
S57«163
&Be 766
162.204
73.0€4
1929.7¢4
135127
96.989
140« 2445
710224
93102
116409
154.612
Bhe95¢
95« €695
142.922
123.9€7
1€0.¥15
131.104
S€e2¢3
TS5 T4y
€d4e 443
1270 %7
99.4€¢3
137236
15¢+162
163959
€Se11€C
120017
AR ]
77949
9B.92¢
170815
EEeSEQR
122523
89.€35
€4.889
€ET78€3
85533
€. T742
€7«799
123.242
148.212

43886
36+.90€
38+ 589
39432
41497
37.3€1
42.232
41879
44776
43.710
42+ 719
38435
36.823
37.361
a73.198
37591
3F.823
3743%
37438
37745
37207
36282
384819
4Q«9¢3
4Yl.558
43555
45765
3%.12¢
4Q«274
38. 742
424337
43329
33« €662
41.2€8
43863
38+ 665
36054
43405
454 765
Q7663
46.€76
43.329
45.613

109.525
20.128
3. 18€
118.182
22+657
S9. 744
19877
40.702
165541
33545
73584
39.498
T€+ 732
22248
25075
55.922
33.18&8
15€¢91
S@e«100
18« 382
18.844
12212
454353
25.333
46+ 7125
58315
€S5.392
19 7€4
41279
21131
19.234
254332
79919
17374
37«€14
30288
248029
244749
32.892
37771
19586
68+504

9&. €94

64€ 4
€464
64F e« 4
E4Ee 4
E4€. 4
E4€E 4
€46 4
€4€ 4
€464
ElE 4
E4€+ 4
€4F 4
€46+ 4
EL€Ee 4
€464
€C4F o 4
E4€ .+ 4
EULE Y
€4€s4
€4€E 4
6Lt e lt
€4C 4
€lpeds
€464
€464
Clped
E4E« 4
ELEW Y
ELE 4
6LE 4
ELE Y
CLE Y
€L€Eel
€LEe Y
646+ 4
&EUCe 4
ELEel
6464
6€LE« Y
E4€ 4
E4€e 4
ELEed
CUE Y
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18.5200
105000
19.5020
10.50029
105000
125200
10.5000
105002
125000
105000
10.50002
10.5000
10.5000
10.5000
10.5000
10.5000
105000
19.5000
10.5900
10.5020
10.5000
105000
1050092
18.5000
10.5000
10.5000
12.5000
10.5020
10.50¢0
105000
10.500¢
10.5000
10.5000
105000
10.5000
1050202
10.50020
10.5000
10.5000
10.5000
10+ 5000
12.5000
18.50080
19.5000
18.5000

70000
70000
70000
7-0000
7« 2900
7-00220
T«0000
4.5009
4.5000
445000
4.5000
4.5000
4.5000
4.5000
4.5000
4.5000
£4.5000
445000
45000
4.5200
445000
40000
4.0000
4.0000
4.0000
4.0000
4+ 2000
40200
49000
4.0000
4.0000
4.0009
40000
4.0000
40000
5.20200
5.02000
5.0200
S5.0000
S«0000
$5.0000
5.0000
50000
50000
S«02000

«3143
«3143
«3143
«3143
«3143
«3143
«3143
« 7333
« 7333
7333
¢ 7333
*» 7333
* 7333
« 7333
7333
« 7333
« 7333
« 7333
« 7333
« 7333
7333
« 0000
<0000
« 0000
« 0000
e 0000
« 0020
« Q000
« 0200
« 0000
- 0000
« Q200
<2000
«0000
<0000
« 2000
<2000
« Q000
« 2000
«2p002
« Q000
« D000
« 0000
« D000
«0002
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137488
163352
176632
184.377
124.9€0
116500
79910
146.274
64236
57774
129.047
183.072
102177
163.236
104410
117.888
76394
89387
1833+335
155.109
181.253
83537
148435
119.259
55948
133.624
172706
654830
106937
183893
158.118
73830
124265
177293
9€.191
100197
€D«028
143.778
164+« 69€
71737
694370
117041
130. 720
84.628
111640

47739
48+ 799
474511
4€.980
45917
48.724
48+ 799
39355
35.053
36.131
39+891
49.351
43.710
38435
35.285
36.439
38895
41498
38.972
41115
45.613
38+627
39.585
38.857
38.013
39.010
40044
38313
38.090
38129
38.512
39.853
37438
37.898
38+.052
419077
40.9€2
42+ 490
3€6.631
37630
42.2€0
37.8€0
37.092
36477
38.820

81999
116331
141.981
157558

49. €38

56751

23810

85.741

24.048

196029

€2.138
120.828

33.618

99714

48« 754

64014

24.724

28+ 541

€7+5€8

B5558
127+.€32

17274

52.109

35.904

6783

43569

€8.628

10«641

29.329

78614

60« 792

13143

39.402

74505

22987

39+ 589

11603

€6+ 405

98.182

19376

11520

49« 749

62004

28411

43.025

64E L
646 4
6464
646 4
646+ 4
6464
€4€e 4
6464
€464
6464
€464
646« 4
6464
646 4
€46+ 4
646+ 4
6464
6464
€464
E4€E .« 4
€E4E. 4
64€« 4
€4€.4
€4€« 4
646+ 4
6464
€464
646 4
6464
6464
6464
646« 4
64Ce 4
6464
64€.4
646+ 4
646« 4
6464
646+ 4
646+ 4
6464
646+ 4
646+ 4
646. 4
6464
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10. 5000
105000
10.5000
105000
105000
105000
105000
105062
105000
10.5900
105200
10.5000
105000
145200
105000
105000
185000

S« 0000
50000
502000
64000
64000
€«4000
64000
64030
54000
€ 4000
€-4000
64020
€« 4200
64060
64000
640200
642092

«0000
«00020
- 00200
« 0000
<0200
- 0000
« 2209
« 0229
+ Q000
- 0220
«00020
« 2000
«00V0
vave

<0000
+ 0000
+ 0000

101

151818
79.0829
S8.429

138.06¢€

113.021
€6+309
77180

159762

171948
89.418

138.244
96865

182199

162411
62741

121076
Ble815

37630
38.205
41134
37745
36.247
37.092
38.167
38550
37.6€8
39.128
38.244
37815
38«569
39547
38857
36.823
37591

§1319
23.351
11855
96.824
67327
21642
29.02¢€
113+392
1434439
39.227
B2e 742
47940
1554999
126.942
15391
74285
33772

646+ 4
64€E. 4
64€. 4
64€. 4
64€E4
6464
EdEeqy
GUE - 4
CLEey
646« 4
€E4€. 4
CUE 4
64¢€ 4
646+ 4
646+« 4
64€« 4
6464
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