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CHAPTER I

INTRODUCTION

For the past five years the principles of dimensional enalysis and

itude have been applied to the thermal aspects of spacecraft and

space related research problems. This activity has been particularly

intense during the last two years. Published results have included both

the analyses and experiments to ceonfirm the analyses for radiation=
conduction coupled heat transfer problems. In the process various
thermal scale modeling techniques have heen identified and used.

Interest in the thermal modeling of spacecraft has increased with

¢ advent of larger and wore complax spacecrafts which are necessary fo

\

tensive cobservations and experiments in space. Space chambers

environmentally testing full scale spacecraft are extremely

to build and to operate. Since scale-model testi

valuable thermal design tool in the early stages of spacecraft design,

& simple, wvalid thermal modeling technique is needed to predict the

a spacecraft from model test data.
The principles of similarity are well established in References

(2], and [3]. These concepts have been employed successfully in

wind tunnel testing for vears. For a spatcecraft the temperature dis-

is an Important considevation; hence,

*Rumbers in brackets designate References listed in Bibliography.

can be g



test chamber and the spacecraft in flight (the prototype) is the
desired geal,

The thermal characteristics of spacecraft impese a number of heat
flow simulation modes (radiation, conduction, and convection) which
must be duplicated in the laboratory to provide engineering data for a
system design. A sﬁrvey of the literature reveals that considerable
attention has been focused on thermal similitude of the solid components
of a spacecraft. The similarity parameters for models containing fluids
have been discussed by Shih [13] and Katzoff [2], but there has been
no attempt to verify experimentally a group of similarity parameters
fer a system of this type. The need for such an investigation is ap-~
parent, since fluid is a vital component of many satellites. Fluids
arve used to establish a habitable enviromment for crew members of
manned spacecraft and to fill the pressurized cell detectors of a micro-
meteroid detection satellite, to mention two familiar applications.

The primary objectives of this investigation were to develop a
practical method for thermal modeling of a system which contains a gas
and te validate this method through tests performed on carefully de-
signed models and prototypes. The system selected for this investi-
gation consisted of concentric cylinderé with a gas contained in the
annulus between the cylinders. Dry air was selected as the fluid in

the annulus in order to insure a medium which would not participate in

transfer of radiant energy between the concentric cylinders., The
prototype and model were tested in a cold, high-vacuum envireonment.
This investigation included the following phases:

I. A group of similarity parameters which would thermally model =



11,

III1.

system containing & fluid was developed. In order to model
the convection mode of heat transfer, an empirical correlation
for the convection film coefficient must be known. 8Since pre-
viously established empirical correlations for the convective
film coefficdient were incompatible, the desired correlation

was established from data obtained by tests performed on the

"prototype.

A thermal analysis of the basic test configuration was per=-
formed, This analysis furnished valuable infofmation for de-
signing the system and provided a basis for the comparisen of
the steady-state experimental results.

An experimental investigation was performed in order to deter-
mine the validity of the similarity raties. This required
construction of three half-scale models and three full-scale
prototypes. The test sections used in this investigation were

designed to permit only one-dimensional, radial heat flow.



CHAPTER 11
LITERATURE SURVEY

Approximately five years ago work on thermal modeling of space-
craft and their component parts was started. Generally, a thermal
model is defined if the termperature, temperature distribution, inter-
nal .energy, and flow of heat in the model are related in a known manner
to the same quantities in the larger prototype. Since experimentation
has been the only means of substantiating modeling criteria, the
literature survey has been divided into two major categories: theory

and experiments.
Theory

The theery of thermal modeling is based on both dimensional

w5

analysis and similitudeo. In dimeﬁsional»analysis the pertinent vari-
ables are identified at the outset. Some insight into the problem and
the knowledge of at least one combination of parameters are considered
essential te the success of this method. The entire group of dimen-
sionless combinations of these parameters formulates the modeling
criteria.

The similitude approégﬁ consists of writing the governing differen-
tial equation for the modélﬁgnd prototype thermal behavior. The model
gquation is identical to_;he prototype equatiqn if the dimensional

elements multiplying corresponding terms are identical in value. The

4



wmodeling criteria are established by equating the ratios of correspond-
ing dimensional multiplying elements in the model and the prototype

differential equations. The previeus theory of thermal scale modeling
is surveyed belowAaccording te the classification of either similitude

or dimensional analysis.
Similitude

Wainwright, Kelly, and Keesee [4] applied the theory of similitude
to the differential equation which describes the thermal behavior of a

thin shell vehicle. . The differential équation is

3(pC_T)
ARAA= AR AA S (x oy 42 (i L
3t W, W, X, 3K,
4 oe ' ~
- gcT AA+ T°q AA, (z-1)

1 2

£ q is the sum of all external and internal sources. If a set of

where %, and x, denote orthegonal axes in the plane of the wall, and

dimensiomless quantities are intreduced inte Equatien (2-1), the

3

-
3

-
=

29 <, and p ’c‘p (2-2)

i

T p G 0L BX} axl 2 BXZ
ceL?‘Tz 4 NN
- -.-...-—(T -5 4) . (2-3)
k- AR oeT

The following ratios of quantities must be the same in the model and

the prototype in erder to ebtaiﬁvther@?} similarity im the thermal



exparimentss

2 3 o0
k0 eo oecL To' q

5 s —7 (2-4)
ponoL kOAR' oeT

Hrycak and Unger [5] developed the same thin shell thermal modeling
criteria that are presented in Equation (2-4) when the system was re-
ferred to in spherical coordinates.

Jones [ 6] and [7] applied the similitude method to a set of simul-
taneous, first-order differential equations. These equations were used
to desc;ibe the thermal behavier of iscothermal elements which were at
different but uniform temperatures. These elements were considered to
comprise the space vehicle under consideration. The describing equa-

tiens areg

_ 6Tj n
C, 2| = % ¢, (T, -T) g
1 36 e R T
e
p P
+ %A, a. s A e ot ;o= n (2-5)
i I e | I

where j, k are indices for regiens that may be represented by a single
temperature. Equation (2-5) was considered to represent the thermal
behavier of the protetype. For a thermally similar medel the differ-

ential equation is
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The ratios of the prototype to the model quantities were represented by
the following variabless

23 e ale Ve 23 wto als wle e
7 * g % ks % * 7 % s S
s

» €.’ C.p

s 4. . s C .5 R . A, g
3?0 b 3% ki ki 3 T3

Js k=1, cee, n3 k # jo (2-7)

The dimensionless guantities in Equation (2-7) were introduced into

5

Eazation

2-5) and then the vesult was compared with Equation (2~6).

From the comparison Equation (2-8) was obtained.
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C"‘{’ % £ * C* E3 k3 T =
; T = = = = = n
ks Y S 8 QO - . 1 - - e 0 0 .
23 72 j=1,3 "i-1 N P B Ny
Fo L * % ki % * * % %4
G Th = ono = T, =0 T, = 200 = (0 . T. =R =

* %l % w &y % ey % oy % Wl

P o T = oeee = e Y T = R T. = T - P -’ T. -
2,5 "2 RESIPS B B S © I B £ 2 S (P N 1,5 73

k3 Fh * LI * EX) & kb % &4
R, .T. =R, ,T. =R, s .T. 1 =R... T.pq =o00o=R_,T '
253 73 2,3 73 Tiel,3 -l Ui, T ny3 n ’

ly oveg Do (2-8)

All of the ratios contained in Equation (2-8) are the necessary and

sufficient conditions for complete thermal similarity between the model
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énd protetyps. These conditions, tegether with Equation (2-7) yield
twenty eight raties that must be constant from prototype to model if
complete similarity is to be established. All the ratios contained in
Equations (2~7) and (2-8) are not independent. Several independent

groups of raties can be deduced from these. One group is:

s 3
T. E.F .A a ASO0 e€.0AT.8 C .0 q,0
ki kik ’ < ‘
U SER S I S T A R R R e M (2-9)
T €A, G, T. G, G, G, T,
k iy i j i i

This particular group was selected with reference to the differential
[Equatioa (2-5)]. For another independent group, see Reference [7].
Seven independent groups of raties were established.

Chao and Wedeking [8] used the method of similitude to develop
the thermal modeling criteria from the governing equations. The dif-
ferentisl equations were written fer n thin walls in two- and three-
dimensions. The surfaces were assumed to be opaque and nondiffuse,
and variations of bulk thermal properties with temperature were con-

sidered. The property variations of thermal cenductivities and heat

5

N

“

0

wpacities were expressed as

where k, Cp, a, and b are constants. The governing nonlinear integro-

differential equations in curyilinear coordinates for the surfaces are

I, oA, d T d T

¢, — =g - 2d 4 (kj ) + (k, ), (2-10)
i dt 4 d, ) dy . % z,
j 9 i ByJ ayJ an ayl

whera
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n Cos aj Cos ¢k

qnet,j = kzl JAk Ik r2 dAk

ke Jk

Cos 8! Cos p!,
a1 - L) Ay
(3 . ’
i(3)

- B 1 e =
E, Cos By + j’hs I, Cos ¢j dwj, (§=l,e0.,n),

(2-11)

and the terms in the braces account for radiative interchange. The
series of terms under the summination sign account for radiant energy
exchange between different surfaces, excluding surfaces that can "see"
themselves the next to the last term represent$ solar energy, and the
last term accounts for radiation on the surface. Introducing the
dimensionless variables

T,s Xyo Yop 0.y 1 s A, and E (2-12)

(ky, j=1, e0oy; n3 kFj),

inte Equation (2-10), toegether with the power law variation of conduc-
tivity and specific heat with temperature, the following equatiens are

obtained;s

_ 2 2 — (2 - \2
b.-a, 3T, 9T, odF, a, {foT.\" /[,
639 SR et RSP RS N ) Y
J 38, ;&.© F.° T, | &, ¥,
i j j j i j
oL - j n Cos a' Cos @' _
+ ¢z [ T, s K GE o+
k. d, (FH%|w=1 " £ «
J J k#j 1
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Cos & Cos ¢!, L2 -
. I, ! B 4z, S+ . g,
3 (i) '52 (i) KT -1+aj = aj j
(1 N oj "o j
o 12 Ti-aj _
- —— [ T, Cos gy d ot
k ,d, T, J hs J
o] J 1]
cIL2 Tg-aJ _
+ — 8 ES COS B' (j = 19 ®0 0y n)n (2"'13)
. d, T, ] j .
¢l J ]

The following groups ef quantities must be the same in the model and

the prototype in order fer steady-state similarity to exist:

3-a, @ @

o LB [T e a0 S T Pagy
ajs ’ ) 7 9 ' Z 9
k ., d, cT cT cT
of 7j o o )

ow [+

T By Pay O Jo Tapy Pagy @ LT
s 8
4 4

c To fo} T0 koj T0

(jg k=1’ esag n; k%j)e (2‘“14)

In addition to Equation (2-14), the group between model and prototype
b _2
of bj and Cp0 To L are needed to establish transient thermal medeling.
k T? 9
o e

Relling [9] and [10] selected the similitude approach for develop-
ing the modeling criteria for space vehicles. The general differential

equation expressing the emergy balance for a single elemental velume
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was given by

dT o €00
pVCp-;—e~AS53.5+ArR§-r+AeE%+q+
N J
+ I kg An‘-il+ z oA T (T.l*-.'rl’), (2-15)
n=1 ax =1 1%

where pVCp (dTde) is the rate of change in sensible heat of the ele-

ment, and Asags is the total energy rate absorbed by the element due to
incident selar energy. AIRB} and Aeﬁgé represent energy transfer to or
frem the element due to albedo abserption and earth emission absorpt%pn,

il
- dT
respectively. The term Z knA -— represents the cenducted energy

n=l " "dx J A
between the elemental volume and the surroundings, and T GAesg(T» - Tq)

=] ¢ J
represents energy transfer along all radiative paths. '

Rolling's procedure was identical to Chao and Wedekind. The ratio

of mcdel to prototype properties were expressed as
o = pm/pp, Vi = Vm/Vp’ T% = Tm/Tp, g% = qn/ep, (2-16)

etco

Where P is a model property and pP is a pfbperty of the prototype.
Substitution of the relations in Equation (2-16) for all terms in the
model energy balance results in an equation for medel behavior which is
mathematically identical te that written for the prototype as long as
the following conditions are satisfied:

* V& % TH
° P

s

X mo
= A% S§% 'J¥ = A% BP* 9* = A% E% % = "u«x
x5-, 3 r e ?e 4

o S r
—— P e T* — L. =Y Lo \2 4
- 1n Ah (Xw) - Aj ﬁj L (2-17)

The ratios in Equation (2-17) are the governing similitude criteria for
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THERMOPHYSICS AND TEMPERATURE CONTROL

CONFIGURATION ‘A"

HEATER WIRE
EMBEDDED IN
BACK SIDE OF
PLATE

CYLINDER

CONFIGURATION B

UNHEATED
SPHERE

Figure 1. Test Gonfigurations (Seurce: Ref. 11)

prediction of prototype behavior from model behavior for a radiation-
conduction coupled preblem.

Adkins [11] used the Fourier conduction equation with radiation
boundary conditiens, to establish the similarity ériteria for two dif-
ferent configufationss A, the nonconduction array, and B, the conduc-
tion array that is Shown in Figure l. 1In configuration A, conduction
heat transfer takes place onlyAinside the bodies, whereas heat ex-
change between the bédies is accomplished by radiation. 1In coéfiguram
tion B, conduction heat exchange be;ween the bodies takes place in

additien to radiation exchange.

Assuming that the properties do not vary with temperature, then



the heat conductien equation can be written as

2 2 2
Lo 2221430, (2-18)
36 pCp eX oY oz
with boundary conditions
oT _ ,
k(57 pmg = Yq (2-19)
- x o '
s = -k (BZ)Z=O o (2-20)

The follewing variables were used to write Equations (2-18),

(2-192), and (2-20) in dimensionless forms
T, T, X, ¥, Z, q, S.

Equatiens (2-18), (2-19), and (2-20) written in dimensionless form are:

{ \
= ko |.2= 2= o
L i 0T+ 2L+ (&2 __a_T£ (2-21)
] ¥ d
oT pCpL k?x Y4 d _J
(E)’**l =é (o7 3 d)/k _cI (2-22)
z =l | 0
\
- .
- (ég oo = (o TO3 d)/kp S. (2-23)
oz !

From inspection of Equatiens (2-21), (2-22), and (2-23), the similarity

ratios areg

12 pC, L 3
=y = (0 T 7 d)/ke (2-24)
ke d

The similitude method was applied by Young and Shanklin [12] to a
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COLD PLATE COLD PLATE
THERMO- CONDUCTING ROD THERMO CONDUCTING ROD
NO. 3\ /‘”EATE“ PLATE A COUPLE r HEATER PLATE  |r
n M NO.3 -
. THERMO-
¢ \ COUPLE /.
NO. : —' NO. | !
338 7
: I 394
\\
! T~ THERMO-
25 L4.5 2

-
L.2® ono—l l—L= 9.00

MODEL GEOMETRY PROTOTYPE GEOMETRY,

322010 —* = 4.50—] k—%,-0.25

All Dimensions in Inches —La= 100 Al Dimensions in Inches

Figure 2. Spool Cenfiguration (Source:b Ref. 12)

set of differential equations used te describe the temperature behavioer
of the "spool-type" configuration shown in Figure 2. The system was
made up of three sections; a heatér-plate containing an electrical
resistance heating element which represenfs an internal energy source
ef variable streﬁgth, a cold-plate having no internal energy source,
and a c¢ylindrical rod conmnecting the ﬁwo plates., The differential

equation for an elementary volume of the system was:

4
oT. . 2¢, ¢ T, J
__?,:.,;lf__vzfri.- IR I £, chi_jchj4+—-L.
) c C L "5 C L j C
3 pC, PG, z pCyL, J pC,
(2-25)
The initial condition was
T, =T, at 6=0, (2-26)

and the boundary conditions were:
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Iy 2, %y
k (2TIR ) L, (—) =k (TR =)+ (2-27)
dr r=Rr 9z z=0,L

Applying the transformations

Ti =-=Ti Tio’ r, z, @

the following similarity parameters were obtained for the heater plate:

. v
R2 €. O T3 q R2 R, R_R 0k R2 o, €, F, . oT,
i e} T r i 71 "i-j jo
1 ] H ] 2 E] ] . (2"28)
k L, k Tio R Lz L R p Cp k L, Tio

The similarity parameters for the cold plate were the same as

2
those for the hot plate with the exceptien of the ratio, Eﬂ*g_o Utiliz-

T,
io
ing a similar approach for the connecting rod with an appropriate

change in coordinates, the following similarity parameters were ob-

tained in additien to the existing parameters:

2 3 2 4
L g oT,0 L a; e F , oT
") ; . . (2-29)
k R kR T.
r r "io

Shih [13] considered the temperature field on a spacecraft with

on-board equipment and personnel to be expressed as:

or hST hi.T 1
C p— = Vo (KVI) + —— + —3— 4+ — + q. (2-30)
P 30 dz dz  dz
The transformations L =-319 T ='EL, 0o0sy were used to obtain the fol-
S T
X e

lowing similarity raties.
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Miller [14] investigated the applicability of thermal modeling to
steady-state and transient conduction in cylindrical selid rods, fer
both single and multiple material systems. By performing a similitude

analysis, Miller obtained the following relatiens:
-1 . 3 t

ae 2 2
EE N q’i': = L% s ¥ = L* ’ % == 1’ g = L% J) YR = I s (2...32)

where the starred quantities represent the model to prototype ratio of

T
the parameter (i.e., T*% = ~E, q¥x = jﬁ, etCas)e
T q
P ?

Geometrically scaled models may be used to measure the classical
diffuse radiation geometry factor (see References [4] and [5]). Matheny
[15] has made such measurements for a number of configurations, includ-
ing a plate, cylinder, and sphere arranged axisymmetrically in such a
way that there was mutual shadowing. Kokorev [16] and [17] has pro-
posed another method, alse using scaling, where the factors are deter-
mined from the measurement of temperatures.

Clark and Leband [1{] and Katz [19] were the first investigators
to use dimensional analysis for establishing the thermal modeling
criteria in space applications. (The dimensional raties that they de-
rived were used to study the temperature of composite wall constructions
exposed to an external radiation envirqnmento) Leband and Clark pre-

sented the ratios in Equatien (2-33)

ch4 qu cp 1.

? (2-33)

2 b

kT k 0
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and Katz presented the ratios listed in Equation (2-34)

e L 9 12 ¢ Lz,
y ey b, (2-34)
R kT k 6

The iast ratio in Equation (2-33) and Equation (2-34) is common.
1f d does not enter into the prob;em, then the ratios in Equation (2-33)
are not independent., The ratiog in Equation (2-34) are independent if
q is not required. The two groups of ratios in Equation (2-33) and

Equatien (2-34) may be combined te ferm Equation (2~35)

T L2 qL o L G L2 c o
. | (2-35)
’ ’ ’ s and -
kT kT k k 6 q -

where it is assumed that both ¢ and ‘¢ enter the preoblem. The three
appreaches listed in Equations (2-33), (2-34), and (2-35) are cbrrect,
depending on the specific application. |

The basic dimensionless groups for thermal scale modeling in a
high vacuum, for the case of conducﬁion and radiatien heat transfer,
have been presented by Vickers [20] (see also References [23] and [24]).
The dimensionless groups are:

oc 1’ eG-TB L CL o.$, L azS5L q 4t 4.2
p R 5 I s

] ] > ] "9 $ T T (2‘36)

k 8 ko k kT kT LkT kT, kT,

By considering q, ¢, and ‘g as distinct physical quantities, Equation
(2-36) forms one group of independent raties. The last three ratios
listed in Equation (2-36) may be reduced te one by introducing the
following relations q = q/L2 and'$== q/L3° The resulting group contains

six independent ratios which includes one for joint interface conduct-
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ance. In this case, q, is a characteristic power; however, in certain
modeling it may be desirable te consider q, q, and 'q as distinct quan-
tities,

Katzoff [21] derived five dimensionless similitude parameters for
the design and testing of thermal medels of spacecraft. These ratios‘
were concerned with the radiation, internal heat generatioem, thermal
conductivities of materials, heat capacities ef materials, and joint

conductance. The five parameters are

o 'TL qL G LT CcL
ey ey =y ey and —, (2-37)
q ‘T kT ‘g ® k

where the last ratio in Equation (2-37) applies to joint cenductance.
This group of ratios does not explicitly include radiation exchange
between surfaces; hewever, they form an independent group. The ratios

in Equation (2-35) that form an independent group are

o T L C L2 4L ‘&‘Lz
, , B, —, and . (2-38)

k k © kT kT

If joint conductance is neglected, Equatien (2-37) becomes

CTacLT 4L ‘T L

s —= sy =5 and ——. (2-39)
.o L] e kT Od

o

*

Evidently, Equations (2-38) and (2-39) are not identical groups of
independent ratios, although they apply to the same physical preblem.
Either of the groups may be derived from the other. The ratio, q L/kT,
is common in Equation (2-38) and Equation (2-39). Equation (2-38) can

be ebtained from the product of the common ratio and the remaining
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ratios of Equation (2-39).

All the thermal modeling criteria that have been listed above
under dimensional analysis were déveloped frﬁm a knowledge of the
physical phenomena invelved. However, this gives no indication of their
usefulness in the design of thermal models.

Watkins [22] developed forty-nine groups each of which contained
seven independent similarity ratios for the general case of thermal.
modeling. The groups of similarity ratioé were the result of a dimen-
sienal analysis study of the physiéal quantities defining the energy
transfer to and from single, elemental, isothermal voluﬁes of the
prototype and model in a simulated space enviromment that was pérformed
on the computer. Tor the genéral case that Watkins considered, the
physical quantities defining the energy exchange between elemental
isothermal volumes of the prototype and model in a simulated space

environment ares

Cjo ij’ 9y Rkj’ 9, Tj’ Tks Qas 9y and qs!'

A numerical approach to dimensional analysis was also applied to the
physical  quantities that describe the thermal behavier of twe radia -
ting disks connected by a conducting rod. One disk was exposed to ex-
ternal heating (radiatioﬁ). The entire system was exposed to a low
temperature environment. Joint interface conductien and internal
energy release were not considered. The numerical solution yielded
fifty.seven groups each of which contained five independent ratios.
These ratios'are presentgd in Referepce [25]. Any one ofithese groups

may be used for medel design, the selection depending upon what is to

be the purpose of the model experiments. One such group is
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- 4 o

¢c,T, T, C. T, R . A, T, :
j "k "k "kj "k 1

e , — ;’]’ <, -, 4, (2-40)
A, 6 A A, q A,

1% jAAq' J_q. A

L
1]

where §jis the effective area exposed to g and‘Ej is the total heat

N

capacity.
Experiments

There have been several investigations performeé to determine the
validity of the derived similarity parameters. A brief review of these
investigations is given in this section,.

Gabron, Johnson, and Fowle, in collaboration withrVickers and
Lucas [24, 26, 27, 28] carfied out a series of experiments on models
to predict the temperature ofiphe Mariner IV{spacecraft. The Mariner
IV mission was, such that, the spaceqraft‘spent long periods of time
away from any planet. The spacecraft was exposed only to external
radiation from the sun, and was at é‘fixed altitude with respect to the
sun. Thus, stéady-state modeling was applied,

The scale model of the Mariner IV was designed in accerdance with
the principles of the temperature preservatioen technique.' "Temperature
preservation" is where temperature at hemologous locations in model and
prototype are predicted by theory to be identical. Since the tempera-
ture measurements in the model and the prototype were madevat thermal
equilibrium, no consideration was given/to the thermal scaling of tem-
perature transient;° The surface optical properties of‘the model and
the prototype were made identical by use of the same thermal contrel
coatings. The greup of ratios in Equation (2-38) for this appiiéati@n

are
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Figure 3. Schematic of Space Simulator with
Model of Mariner IV Located
Inside (Source: Ref. 26)

2 *p a8,
- T, L/ky C, q/L°, q, 4L (2-41)

These must have the same values at similar points on the prototype and
the model. The ratio L2/kd was kept constant (geometric distortion of
miner dimensions) in the thin plates.

h The one-half scale model iq a space simulator is shown in Figure 3.
Comparison of measured pemperatures of the scale model and actual
flight temperatures are shown in Table I for one mode of spacecraft
operation (see Referenée-[29j5, The basis for the comparison was tem-

perature data telemetered to Earth from the Mariner IV spacecraft. The



TABLE 1
MARINER IV TEMPERATURES

Source: Ref. 29

Earth Cruise - 2

98 Days from lunch 2 3

Solar intensity = 0.09]1 w/Cm (§ = 0.655)

)

. Temperature (°r)
Location Flight Minus Scale Model
Sunlit Appendages
Magnetometer -6.12%
Ion Chamber ‘ -7.78
Trapped Radiation Detection +3.89
Internal Bus Locations
Bay 1 -3.33
Bay 2 -3.33
Bay 3 0.0
Bay 4 -3.89
"Bay 5 -2.78
Bay 6 -7.22
Bay 7 -2.22
Power Regulator (Bay 8) -2,78
Battery (Bay 8) 0.0
Lower Ring (Bay 8) 12.8
Upper Ring (Bay 2) -1.11
M/C Fuel Tank ~-1.67
N, Tank (Bottom) 7.22
N2 Tank (Top) -1.11
Shaded Appendages
Canopus - Tracker 24.4
Television Camera =0.55
Spits ‘-2078

*Reference [29] gives values to nearest 0.0°F.
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results show that successful modeling was accemplished.

Matheny [15] conducted some experiments that involved transient
thermal modeling. The system selected for investigation was two disks
connected by a conducting member. The conducting member was made large
enough to enter into the radiant interchange. The models were de-
signed according to the criteria given in Equation (2-38). The exter-
ior of one of the disks was suddenly exposed to radiant energy from an
electrical resistance heater. The results of the transient tests wﬁich
were conducted on the prototype and one-half scale model are shown in
Figure 4. The temperature of the modél was within 3°K of that of the
prototype.

Folkman, Baldwin, and Wainwright [30] applied the modeling criteria
given in Equation (2-4) to the conceptual space station illustrated in
Figure 5. Geometric scaling was used and external radiation sources
were preserved. The experimental results obtained from tests performed
on the model were compared with three-dimensional transient analysis;va
typical comparison is shown in Figure 6.

Jones and Harrison [31] used the group of ratios given in Equation
(2-9) to model a system composed of a plate, cylinder, and sphere which
were exchanging thermal energy by radiation only. The three components
of the system were located relative to one another as shown in Figure
7o

If eleztrical resistance heaters are used to obtain the simulated
heating effects of the sun, and if the space chamber is regarded as
incorporated in the ratio involving radiative interthange between sur-

faces, then Equation (2~9%) reduces to
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3
T, Rk’ T. 6 q, & 1
-, S (35 k=1, s0uy n3 KEi)s (2-41)
T C. C. T,
k RN A 373

All major external dimensions were scaled by one-half. It was
assumed that the materials were not changed from prototype to model,
that the radiation geometry factors remain unchanged, that the temper-
atures of the model at a particular time were equal to the correspend-
ing prototype temperaturés at the same time, and that the thickness of
the cylinder end caps was not change& from protot&pgf;o:modele Some
results of this experimental investigation are shown iﬁvTable iT.
Thermocouples 1-15 were for the sphere, 16=19 for the~c&iinder, and

20-25 for the plate. The experimental results_generaliy confirm the
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Figure 7, Geometric Arrangement of Plate, Cylinder, and Sphere.
Numbers Shown are Based on Qutside Dimensipns of
Sphere's Radius. Co-ordinate System Shown is Cen-
tered at Base of Cylinder. (Sources Ref., 31)

modeling rules, with some exceptions in the details, due largely to the
assumption made regarding the velume partitioning of the objects being
modeled. Adkins [11] has also presented experimental results for the
same prototype configuratien. These resulis are shown in Figure 8.

Adkins also applied the modeling cniE;ria given in Reference [11]
to a configuratien consisting of twe hollew spheres connected by a

conducting member,
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TABLE II
RADTATIVE MODEL EXPERIMENTAL RESULTS
Fraction of Time in Percent Where the Difference Between the Prototype

and Model Temperatures of the Individual Thermocouple Measurements are
Equal to eor Less than 5, 10, 15, 20, and 25 degrees Kelvin. +

Thermocouple
Number 5 10 15 20 25
1 59,2 75.5 89.8 95.9 98.0
2 26,5 46,9 63.3 79.6 95.9
3 51.0 79.6 89.8 89.8 93.9
4 55.1 73.5 89.8 93.9 93.9
5 44,9 57.1 69.4 79.6 89.8
6 51.0 65.3 85.7 89.8 91.8
7 51.0 75.5 83.7 85.7 87.8
8 55.1 71.4 85.7 89.8 289.8
10 53.1 67,3 87.8 89.8 91.8
11 42,9 61.2 8l.6 89.8 91.8
12 2.0 6.1 10.2 14.3 14,3
13 0.0 2,0 18.4 40.8 44,9
14 38.8 51,0 55.1 57.1 59,2
15 -10.2 28,6 59,2 79.6 95.9
16 6.1 36,7 75.5 393.9 ‘ 100.0
17 4.1 30.6 67.3 8l.6 93.9
18 4,1 8.2 32.7 63.3 79.6
19 4ol 10.2 49.0 714 81.6
20 A 32,7 46,9 46,9 46,9 59.2

21 42,9 49,0 33.1 59.2 83.7

+
+'Detrimental from discrete points in time corresponding to data read-
out times. Source: Ref. 31
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The different arrangements of this system are shown in Figure l.. .

Again, geometric distortion in the minor dimensions was permitted. The 3

experimental results obtained from the system are shown in Figure 9.

Rolling [9] and [10] used the raties in Equatien (2-17) to model

the two opposed disks with four connecting tubuylar members as shown in

1000 PROTOTYPE
B --—= MODEL
920} SOURCE REF. 20 -
‘8a0} AVERAGE HEATER -
PLATE TEMPERATURE
. 760} o
W |
Z 680}
X .
pa [
< eoo{-
» 520} |
W | .~ AVERAGE
o CYLINDER TEMPERATURE
& 440) O
w
[}
360}
SPHERE(CHAMBER SIDE)
280}
200} LN, CRYOLINER
o o o o ot o——0—0 -0
12035 05 10 15 20
ELAPSED TIME, to,HR
, v
tm= tp/K

Figure 8, Temperature - Time Chéracteristics

of Configuration A
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1160

—— PROTOTYPE
---MODEL

SOURCE: REF. 20

1080

1000}
920}
8401

760F

. 2

€801

SN

"CONNECTING ROD \
600} -

520}

DEGREES RANKINE

440}d=
360}

280}

200 LN, CRYOLINER

IZC L " L ] 1 L bl J
oF 05 1.0 1.5 20 25 30 35 40

ELAPSED TIME, tp, HR

tm = tp/K?

Figure 9. Temperature - Time Charactefistics
of Configuration B, '

Figure 10 and the truncated cenes showﬁ in Figure 1l1. Models of oné-
half and one-quarter scale based on the exterior dimensions were used
for the two systems. Material thermeophysical properties were fixed
while temperature and time were scaled. Geometric distortion in the
minor dimensions was permitted. Arrays of tungsten filament lamps-
were used for external radiation sources. Seme of the results for the
opposed connected disks and for the cones are shown in Figure 12 and
Figure 13, respectively. The temperatures of the model for the disks

were within 9°K of the protoﬁype, and for the cones all model tempera-~
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Figure 1ll. Truncated Cone Geometry (Sources Ref. 10)
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i o ,
tures were within 8K c¢f the prototype.

Young and Shanklin [12] applied the ratios below

2 2 2 2
R R F, . R R R 6 L L™ F, .
L~ 2 r r i
—3 Js qR y — 5 "5y T and (2-42)
L L R L L R R R
z z Z T T

to the system shown in Figure 12. This system was composed of three
sections: a heater plate containing an electrical resistance heating
element which represented an internal energy source of variable
strength, a cold-plate having no internal energy source, and a cylindri-
cal rod connecting the two plates. The prototype and the one-half
scale model were fabricated of the same material with identical values
of ¢, a, by, and . The protoﬁype and the model were exposed to identi-
cal simulated space conditions and were started éﬁ the same initial
temperature, T, o Furthermore, the prototype and model surfaces were
blackened such that ¢ and o approached unity, 'The ratios in Equation
(2-42) were used in designing the medel. Thermal similarity exists
when identical temperatures are cbserved at correspeonding lecations
on the prototype and the medel at preperly scaled times (Q = 4Q%)
for appreopriately scaled power inputs (q = 4q*¥), A large portion of
the results of this investigatien is presested in Figure 14, Frekto-
type and model temperatures at three thermocouple locations were com~
pared at reduced times for beth high and low power test rums. Model
temperatures deviated from theose of the pretotype by an average of
approximately 1.5 percent.

Miller [14] applied the raties in Equation (2-32) for the model

design of cylindrical reds., The results from the applicatiocn of



33

Equation (2-32) are shown in Table IIT and ?able IV. The prototype
and the models were fabricated of the same material with identical
values of ¢, a, b, and a. The prototype and medel were started at the
same initial temperature and were expggéd to the same simulated space
conditions, Furthermore, the prototype and model surfaces were black-
ened such that ¢ and g approached unity. The experimentally ebtained
temperatures of the prototype and medel were consistently less than
five degrees Fahrenheit apart. Miller concluded that temperature pre-
- servation between model and prototype was a necessity for proper
thermal modeling.

Thompson, Klockzien and Dufoe [32] performed experiméntal investi-
gations on a prototype and scaled models of a simulated spacecraft in
a simulated space environment. Three medels were designed and con-

structed according to the temperature-preservation technique. The

1200
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Figure 14, Temperature - Time Characteristics of the System Shown in
Figure 2 (Source: Ref. 12)



TABLE 117
PROTCOTYPE AND MODEL DIMENSIONS, SINGLE MATERTAL

Scurces Ref, 14

Model Length Heater Length Diameter
Ne. L (in.) LH (in.) D (in.) L R*
Proto. 1 17.242 2,25 2,001 - -
1-1 8.637 1.13 1,001 0.501 0.500
1-2 5.714 0.75 0,661 0.331 0.331
1-3 8,641 : 1.13 0,498 0.501 0.249
1-4 6.120 0.80 0,249 0.355 0.125
TABLE 1V

PROTOTYPE AND MODEL DIMENSIONS, TWO MATERIALS

Source: Ref., 14

Model Al. Length Htr. Length $.,5. Length Al.Dia. S.S.Dia
No. LAL (Ina) LH (éno) L q (i’f’o) D (Iﬁo) D (IQQ) L* R®

o3

Prc}to:: 2 90750 2025 70@5&”1 20002 10995 had =
2-1 4,871 1.13 3,735 0.497 0.499 0.501 0.249
2-2 3.456 0,80 20657 0.252 02688 0,356 0.125
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models consisted of a full-scale pretotype, half-scale model, and a
0.285 scale model. The model configuration was designed te investigate

the thermal scale-modeling criteria presented in the equatien belew.

Qo 2 Qo
k L, 8 L (pCl. a q, L, 9 C
f:-—z—ns —-.nl :..-E—-— P)Iﬂ.» ::.,.._—:: .-ES --—-:ls..""...‘-—---1;,'9 ::_= 19 ._F_I_l: Io (2“’43)
L 8 L ¢ L L ¢
p % L el 4 Ipog L odg p

thermal analysis ef the basic test cenfiguratiom shown in Figure 135 was
performed concurrency with the test program. The purpese of the

thermal analysis was twofold: First, te previde a basis for compérison
for the experimental results; and second, to previde a means for adjust-
ing the test results from the existing test enviromment te the expected
space environment.

Presented ip Figure 16 are trznsient analytical and test results
for twe heater pewer levels of the system sheown in Figure 13, Beth
solar-off and selar-on transient cenditions are showno The data shown
are for twe thermecouple leocations on the outer and inner cylinder that
are normal to the simulated solar radiatiom. The differences in the
inner cylinder test results presented in Figure 16 were due primarily
to the differences im the initial temperature. This 1s apparent in
that the shapes of the transient curves agree closely. The differences
in the test results for the outer cylinder were due primarily te the

lower solar intensity of the solar simulatien.
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Summary

Analytical and experimenﬁai research in thermal simi!itude in
space-related thermophysics preblems is'vefy active. Much progress has
been made in confirming the analyses by experiments in beth steady-state
and transient cases. In the former case, a Eomplicated spacecraft,
Mariner IV, has been successfully m@deledy However, there has been no
attempt to experimentally verify a group of similarity parameters for a
system that coﬁtains a fluid. The remaining part of this investigation
was concerned with the applicability of thermal medeling te steady-

state conditiens for a system containing a gas.




CHAPTER III
MODELING CRITERIA

Thermal similarity parameters can be identified from either dimen-
sional analysis er from energy balance considerations of the thermal
vsystem being investigated. The latter is a method using differential
equations and boundary conditiens and is perhaps the more attractive
technique since the actual physical laws governing the system are used.
The results of either approach, however, are clearly only as compre-

hensive as the number of system parameters ceonsidered in the derivation.

Ceneral Criteria

[¢3

The basic modeling criteria for thermal scale modeling of 2 system
were developed using the differential method, This methed utilizes the
energy equation for the model and the protetype. 1In erder te acceunt
for the total heat transfer, the thermal scale modeling criteria for a
radiation-conduction=-convection coupled heat-transfer system were
developed.

In order to develop the medeling criteria utilizing the differen-
tial method, the energy equation was written for a differential ele-

ment. For the ith element, the energy equation isg

38



BTi 5 J N aTiwq
pV, O —=aq + L I o . A+ Tk A —
Pi 36 s=1 j=1 o4 % 8 g 7 AL,
=11
S s J
P " - 3 12 - J e ]
Sj& €, 0 AS Ti + jiﬁ An Cs (Ti Tj) + ji; he An (Ti Tj)o (3-1)

Equation (3~1) was made dimensionless and applied to the model and
prototype separately.- In order for point-to-point similarity to exist
between the model and the prototype, the following identities were ob-

tained (see Appendix A for development)s

p‘:'c Y % T

2
Iy

4
= g¥ = %, d% A% = gf A% TH = kv AN (—
o 4 aSJ ¢_]s S 5 s noon (L* n
= A; Cg T = A; h; T, (3-2)
where j=ly 2, ceey J

n=l, 2, o004 N
and s=1, 2, 20sp Se
The superscript star indicates the quantity is a ratic of model value
to prototype value of that quantity at corresponding points. The sub-
script s refers to a surface of the isothermal region under study.
Subscript, j, is an isothermal region radiating or conducting energy to
the isothermal element under study, and n deneotes ghe normal to the
region and gives the direction of conduction and convectieon to the
isothermal region. The various subscripts for a typical system are
illustrated in Figure 17. An algebraic solution of the radiation-
conduction-convection coupled heat tranffer problem is extvemely diffi-

cult to obtain even for simple geometric shapes. However, the thermal

behavior of a prescribed system may be predicted from an experimental
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Figure 17. Typical System Showing Elements
i and j,

investigation of a small-scale model. The identities in Equations @FZ)

serve as the governing similitude criteria for predicting prototype

behavior from observed model behavior.
Application of the General Criteria

The thermal behavior of a system may be determined by obtaining
the perfonnance‘of a model, through experimental methods, and then
applying the modeling identities in Equations (3-2). 1In thermal model-
ing of a system some of the identities may be unimportant and can be
neglected. This places certain constraints upon the modeling identi-
ties. These constraints will depend upon the particular system to be
investigated and the final results will be only as good és the assumed
constraints,

The configuration selected to illustrate the modeling criteria was
two concentric cylinders, The geometry and notation nomenclature is

shown in Figure 18, This was the geometry employed in the experimental



k=3
"

LENGTH OF TEST SECTION

Dl - |NNER RADIUS OF INNER CYLINDER

flo 2% = OUTER RADIUS OF INNER CYLINDER
i = 9§i = INNER RADIUS OF OUTER CYLINDER
f20 -9239= OUTER RADIUS OF OUTER CYLINDER

Tii = UNIFORM TEMPERATURE OF THE INTERIOR OF THE INNER CYLINDER

T)o® UNIFORM TEMPERATURE OF THE EXTERIOR OF THE INNER CYLINDER
T2i = UNIFORM TEMPERATURE OF THE INTERIOR OF THE OUTER CYLINDER
Too* UNIFORM TEMPERATURE

OF THE EXTERIOR OF THE OUTER CYLINDER
a, =G &Cl= UNIFORM HEAT FLUX LEAVING THE EXTERIOR OF THE INNER CYLINDER
" " "

Q2 =gyt Qcp® UNIFORM HEAT FLUX ENTERING THE INTERIOR OF THE OUTER CYLINDER
'q'3= UNIFORM HEAT FLUX LEAVING THE EXTERIOR OF THE OQUTER CYLINDER

Figure 18, Sketch Illustrating the Nomenclature
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investigation with the cylinders located in a simulated space environ=-
ment.

The general medeling criteria were expressed in a more convenient
form by equating each of the terms in Equatiens (3-2) to the conduc-

tion term. This yields the following equations:

* ¢7\' A:‘: kv‘: A* (T ) (3-3)
Q. . = %) > -
sj "js s n n L
* 4 ¥ T*
% % S -3
€s AS T =k An (-—-;,:) ’ (3-4)
L n
*
% h* T* _ k* A# (In) (3-5)
s s n'n ‘¥ °? -
L n
% * % T*
> 4 .
q¢ =k A (%), (3-6)
L n
% - T-a':
T o=k ), (3-7)
L n
k*
%
000* n T N
=— (%) » (3-8)
e L n
and
% % T* %k T*
-« w» 4 < .y
p V C —x = k A (—;) s (3-9)
P 0 non L( n
where F* % T*4 i
© _Tis % '3 %
jS * ’
A
5
A~‘< W% Lw" * sz * L~'¢
s =Py ls Dy Lsor Dyg ks
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It should be noted that the ratios presented in Equations (3-2) must be
the same for all isothermal regions of the system for point-to-point
similarity to exist, Therefore, the ratios appliéd te an element which
has an external surface is the same as the ratios fer an internal ele-
ment of the solid.

The effect of joint interface resistance will be neglected in this
analysis since it was not of primary concern. Also, it is possible to
design a test section which is free of joints.

The influence of spectral and angular distributions of the emitted
and abgsorbed radiation may be eliminated by contrelling the surface
propertiés (emissivity and absorptivity) throughout the system. These
properties may be controlled by proper selection of a material toe ceoat
the surfaces. Thus, this constraint requires that the emissivity and
absorptivity of all surfaces throughout the model and protectype be
constant and independent of temperature,

If the radiant flux ¢js from the surroundings to the system is the
same for model and prototype, then ¢js is unity (referred to hereafter
as "Technique I"). This may be accomplished by controlling the pro-

erties of the surroundings. In a simulated space environment, the
p g P 9



radiant flux from the surroundings is very low if solar energy is not
simulated, This is due to the fact that the temperature is very low.
Thus, for this case, the radiant flux ¢js will be considered zero

(referred to hereafter as '"Zero Surroundings Technique™). These two

techniques will be discussed in the following sections.
Technique 1

Technique I was limited to these situations where the radiant
flux freom the surroundings te the system was the same for both model

and prototype. Thus,

%
éjs = 1,

Since the emissivity and absorptivity of all surfaces througheut the

model and prototype were constant, the raties of these properties must

be constant. That is,

If Equations (3-3) through (3-9) are applied to the system shown
in Figure 18 and the conditions listed abeve are considered, the fol-

lowing equations are obtained. These equations are:

for outside surface of outer cylinder, AZO

=k A A (3-10)
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%/ s 4 T*
* e
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for inside surface of outer cylinder, A2i
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Fio-=21 T10 410 =<¢¥n 4 R
JZ
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> N
AZi 2i kn An I
L,
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Agg By Toy n 4 TFp 2
for outside surface of inmer cylinder, A10
% ¥l * . T*
Y % %
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% k4 * % T*
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L Jl
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for the inner cylinder, 1
* .
*
q_'kA"?s
L noRy
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(3-11)

(3-12)

(3-13)

(3-14)

(3-15)

(3-16)

(3-17)

(3-18)
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e % x 3
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° I L
for the outer cylinder, 2
3 * % T*
q, = kn An </ s (3-22)
L
2
e
% : * T*
9 =1 kg = (3-23)
L 2
(3-24)
and
b3
p 3 (3"‘25)

If Equation (3-10) is substituted into Equation (3-11), the resulting

equation is

T20 = 1, (3-26)

For exact geometric similitude (equal scaling in all directions)

between the model and prototype, Equation (3-10) can be expressed as
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(3-27)

Substituting Equation (3-27) into Equatiens (3-12), (3-13), (3-14),

(3-22), (3-23), (3-24), and (3-25) yields the following equations:

*

Tig=1s

*
Tpy = Lo

%* 1 _

bt B ts

2i

* k% %2
G = (A)y = Ay =1L
()(.!iti

q2 =1,
000* . 1

2 ";¥9

and
% _ * * *

where the initial time is

defined as zero.

(3-28)

(3-29)

(3-30)

(3-31)

(3-32)

(3-33)

(3-34)

If Equation (3-28) is substituted into Equation (3-16), the resulting

equation is

(3-35)

Substituting Equatien (3-35) into Equatiens (3+17), (3-18), (3-19),
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(3=20), and (3-21) yields the following equations:

th = 1, (3-36)
% % *32
4 = (A ) =A =1 (3-37)
OO*
q = 1s (3-38)
000*
L
and
% % % *
91 =T Cpl PLe (3-40)

Equations (3-26), (3-28) through (3-34), and (3-36) threugh (3-40) may

be reduced to the following equationss

& i % * * ¥ ok ‘
Tyg = Tyg = Tgy = byy =hyp =4y =9, =1, (3-41)
%* % ‘*2
q; =q; =L s (3-42)
oan® = oog® = ml.m (3 "'43)

k3 - % % k3 344
and

. - % K ¥ 345

62 =T sz pz o ( - )

Equations (3-41) through (3-453) must be satisfied at corresponding

locatiens on the model and pretotype if thermal modeling of a system,
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under the conditions of Technique I, is to be accomplished,

Zero SurroundingE Technique

The radiant flux from a simulated space environment is approxi-
mately zero. Under this condition together with the conditions imposed
: % %
in the development «f the modeling equations for Technique 1 (asj = &

= 1, and geometric similarity between model and prototype), Equations

(3-11) through (3-25) yield the following equationss

1
*1 .
o ™ kg 3
L
%) L
v L3
*
%* kz
hZi = ~% s (3-48)
L
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& 2
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ap = (k) ()7, (3-50)
4 2
% %3 %3
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* 4
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q = (I-;;) 5 (3-53)
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E3 pZ
92 R — (3-57)
*
kg

In the above equations the directional variatien ef thermal conducti-

vity was neglectad.

Variable Specific Heat and Thermal GConductivity

The specific heat and thermal conductivity of the sclid parts of a

system was a function of temperature. Chao [8] suggested the use of a

power law to describe the property variation over a specified range of

temperatureas.

arnd

These relations are

k=k T,
5]

O
]
o
3
o
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where the temperature is in degrees Rankine. If the above expression
for the specific heat is substituted into Equation (3-44) or (3-45),
the following equation is obtained for the dimensionless time variable

in Technique T3

o (3-58)

For the Zero Surroundings Technique, the expressions for ‘the specific
heat and thermal cenductivity were substituted into Equations (3-46),
(3-48), (3-50), (3-52), (3-54), and (3-~56) and the following equations

were obtained:

%
=
~
3
o
Wi

T = ——p (3-59)

3

h = e P (3"’60)
1% a
T
( )P
3 a 4
% % 9 | % (T )m K)
q = () {x —=47, (3-61)
T
( )p
4
* s
. Jr, @ |3
q =g - 3 (3-62)
T'K (Ta)
a2 I
(tT) | 3 3
09 * »;
i =g =2 (3-63)
(T) L
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and

Z P (3-64)

A basic requirement for similarity between the model and prototype
was that the dimensionless ratios of properties remain constant through
out the two systems for all thermal levels. Equations (3-58) through
(3-64) indicate that dimensionless ratios of properties remain con-
stant only for the case where bm = bp and a = ap° If these coﬁditions
are not met, strict similarity will n§t be obtained. Equal exponents
were obtained by selecting the same material for both model and proto-
type. The material preservation requirement reduces Equations (3-58)
through (3-64) to the followings

For Technique I

i
and for the Zero Surrcundings Technique,
i
. 3-a
%
T = & . (3-66)
L ' '
.
3-a
%* «%2(1w
q ={L Rt S (3-67)
L |
0¥ 1 3-a
q = E“;ﬁ'; 9 (3-68)

i
% 1 3-a
1797772 s (3-69)
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’ (3-70)

and

(3-71)

=2
il
téd*‘

A summary of the modeling criteria for Technique I and the Zero
Surroundings Technique is shown in Table V. For Technique I and the
Zero Surroundings Technique with constant thermal properties, the
modeling criteria is only a functien of the geometric scaliﬁg factor.

N
For the Zero Surroundings Technique with variable t?ermal properties,
the modeling criteria is a function of the geometric scaling facter and

the constants a and b,
Discussion of Assumptions

"Several assumptions were made in order to reduce the modeling
criteria given in Equation (3-2) to a usable form. For Technique I,
the assumptions weres.
1. The emissivityhénd absorptivity of all surfaces throughout

the model and prototype were constant. \

2, The radiant flux ¢js from the surroundings to the system was
the same for both model and prototype.

3. The thermal properties of the solid parts (specific heat and
thermal conductivity) were constant or varied with temperature
according to a power law.

4, Exact geometric similitude.

For the Zero Surroundings Technique, the assumptiens were the same as
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TABLE V

MODELING CRITERIA FOR TECHNIQUE I AND
ZERO SURROUNDINGS TECHNIQUE

Variables Technique I Zero Surroundings Technique
Constant or Variablg, k Constant, k Variable, k
Dv’c [ %2 [ *2 L*z
. 1
% x 173 * 3-a
T : 1 (/1) (1A )
1
% * *3 3.
h 1 1/L (1/L7)3-2
1
. LY
* % *2 1, -
9 L L (“— y>-2
I,J
1
7/3 —
ome* * * 1 -
g 1/1 (/1) (=
4/3 —_—
s o . % *4 3.
q 1 (/1) (1/u%>2
: 1
z _ 2/3 -
* %2 % *2-2a 3~
q *2 @ (L 7%




those of Technique I with the exception of the second assumption listed
above. In this assumption the energy absorbed by the model and proto-
type froﬁ the surroundings was neglected. This can be obtained if the
temperature of the surroundings approaches absolute zero. Several
previous investigators have made this assumption [6], [¢], [14], [20],
and [26],

The first assumption may be satisfied by cecating all surfaces
throughout the model and prototype with a material which has uniform
radiant properties. These surfaces were coated with flat black paint.
Flat black paint (velvet coating 10l-Cl0) is a product of Mianesota
Mining and Manufacturing Company, and has been shown to have high and
uniform values of emiktance and absorptance [26].

The radiant flux ¢js from the surroundings to the system may be
controlled by fixing the properties of the surroundings and those of
the system where it is visible to the surroundings. In order for the
incident flux on the model and prototype to be the same, the following

expression must be satisfied:

is 53 % 75 1 (3-72)

it

J mn

If the properties €j’ Tj’ and Aj of the surroundings are fixed, Equa-

tion (3-72) will be satisfied if

(4,)
[F.s] =————‘B [FjS] °
o ay)

For exact geometric similarity and a scaling factor of one-half between

prototype and model
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R,

[Fjsj =4[F, ] o
P

In order to investigate experimentally the incident flux on a model and
its geometrically similar protetype, the surroundings were specified.
The surroundings consisted of a cylindrical container and the systems
were centrally lecated within the centainer, thep for the concentric

cylinder systems considered in the experimental investigation

N

(F. ] =401 [F,_ ] .
JE p N
Thus, the magnitude of the incident flux from the surroundings,; for the
model and prototype, will differ by less than one-half of one percent.

The thermal cenductivity and specific heat of the solid components
of a system are functioﬁs of temperature. In modeling, the variatien
in thermal properties may be ccntrolled, to a certain degree, by select-
ing the same material for model apd protetype. For certain materials
the thermal preperty variations with temperature are small., A discus-
sion of the error introduced by thermal property variations in the
solid compenents of the systems used in this investigation can be
found in Appendix G. It was concluded that for engineering applica-
tions the variations in.thermal properties may be neglected in this
investigation.

As stated earlier, the only methed available for checking the
validity of the developed mecdeling criteria is through experimentatien,
The systems designed for checking the modeling criteria are shown in
Figures 36 through 41. They were scaled such that D* = é* which

satisfies both techniques listed in Table V.
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Similarity in Natural Cenvectioen Heat Transfer in the

Annulus Between Horizontal Concentric Cylinders

The fluid contained in the annulus between con;entric cylinders,
with a horizontal axis,; will be in metion if a temperature difference
exists between the two cylinders. The heat {ransfer associated with this
motien is natural cenvection. In order to establish similarity in
natural convection, the equations of motion, continuity, and energy‘will
be examined. This analysis will be restricted to laminar fleow, which
will exist ?or Grashof numbers, Gré, less than 107 [36]. Assumptions
considered in formulating the equations of metien, continuity, and

energy for the system shown in Figufe 19 werey steady-flow, nondissipa-

. COLDWALL.

_ svsremsoonry s/

Figure 19. The End View of a Long Herizontal
Cylindrical Annulus
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tive processes, axisymmetvic, and density was dependent only on temper-
ature and that otherwise the fluid is incompressible.
With these assumptions the continuity equation in cylindrical

coordinates, (r,N\), is

v, v, L
SN S | S (3-73)

dr r r N

This equation may bhe satisfied by a stream fundtiong\g(r971)9 which is

defined for subsequent use as

=123V = . BN, (3-74)
i r 371 Yﬂ 3r

The equations of motion in cylindrical coordinates ares

zI=Component

o
oV o 1 3p 23 V..
e iﬁ EE o e +76(V£Vr ] ~§@ - ﬂ*) + g B T ainng (3-75)
Dt x p A " M
VimComEonqﬂE
D v i 2 W, v
wfb-+-»lvn W e oo + %(vgun.+ T m— Jﬂ) + g P T ecosT
Dt r- pr an 2 it (3-76)

2 4
where the operators D/Dt and ¥ are givaen by

D 3 Y, o L1/3y 9 a 5]
—_ = Y ;,,‘,.g..ﬁ.l%m—;_, jms.nmm (3=77)
Dt Ar r 3 zidMar dr oM

and



o
=)

dr r dr r N (3-78)

respectively.

For negligible frictional and compressional heating the energy

equation in cylindrical coordinates is

Lok 2, (3-79)
r a(e, ) »p Cp

where (T,W)/d(x,N) 1s the Jacobian. The boundary conditions are that

the veloeity is zero both at the surfaces and at a distance far removed

from the surfaces.

By substituting Equation (3-74) into Equations {3-75) and (3-76)

\

and eliminating the pressure by cross-differentiation, an equation for

the stream function may be obtained. Thi

LAPRY) o gleinn o 3, Yehy, (3-50)
r oz, r N or

The problem now is to determine the conditions for which the

velccity field in one free~convection system is similar to the velocity

field in another. Similarity of velccoity fields for different systems

exists when Equation (3-80) written in dimensionless form is the same

for model and prototypz. The variable

Fquation (3-80) are defined as followss

1
r == r/Ri 3 4= YRy T = \L«—TW),/(LR-XW)W {

Caa

(]
~r
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Equation (3-80) in dimensionless form is

a(V_Z_L'ﬁ,W) - Grz 2in NAE | osMEL + 2 ¢y, (3-82)
o(r,) 2R, r N or) Re

1
T

Dynamic similarity between two geometric similar systems, A and

B, exists if

er/r,?),  (1/Re),

(Gr/R, )y  (1/Re),
(2r,)° g8 2R,V
where Gr = —— (TR'T*)’ and Re = — Equation (3-83) was ob-

tained by comparing Equation (3-84) for the two systems., By coembining

the first and third terms of Equation (3-83) the result is

(3-84)

Combining the second and the third terms of Equation (3-83) the follow-

ing expression is ebtained

(Re), = (Re)y »  (3-85)

From the physical aspects of the problem the velocity of the fluid
is not an independent quantity, but depends upon the buoyant driving
force. Hence, v, can be eliminated from Equation (3-84) by substitu-

ting its value from Equation (3-85). The resulting expression is

(Gr)A = (Gr)B . (3-86)
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. 3.
(2R;)" gB
The dimensionless modulus, ~3 (TRmT*), is called the Grashef

)

number, Gr, and represents the #atib of Buoyant to viscous forces,

When the bueoyancy is the only driving ferce, the fluid velocity is
determined entirely by the quantities contained in the Grashof modulus,
Therefore, the Reynolds number, Re, is superfluous for free convection,
and equality of the Grashof numbers establishes dynamic similarity.

The conditions for similarity of temperature fields in free-

convection were ¢btained by writing Equation (3-79) in dimensionless

form as
i B(Eﬁ\p) =2 T, (3-87)
r 3(r,MN) PR ,
VRS
where, Pr = P s, is the Prandtl number. Thus, similarity of tempera-
i K

ture fields in free-convection exist for equal Prandtl numbers in
systems that are dynamically similar. Therefore, when geometrically
similar bodies are cooled or heated by free convection, beth the velog=-
ity and temperature fields are similar provided the Grashof numbers
and the Prandtl numbers are equal, respectively, at correspending
points. When the Grashof numbers are equal and the Prandtl numbers are
equal, according to Schlichting [46], the Nusselt numbers for the
bodies are the same. Hence, experimental results for free-convection

heat transfer can be correlated by an equatien ¢f the form
Nu = C(GrPr)9 (3-88)

Where ¢ denotes a functional relationship. For a group of gases having

the same number of atoms per molecule, the Prandtl number is nearly the



same [48]. Equation (3-88), for these gases, was reduced to
Nu = ¢(Gr). (3-89)

A detail discussion of empirical data for the Nusselt number in

horizontal cylindrical annuli is presented in Chapter IV.



CHAPTER IV

THERMAL ANALYSIS

Before the wodeling criteria, which were developed in Chapter III,
were experimentally examined, a thermal analysis of several selected
systems was made. This analysis was necessgary in order to design a
system which was simple, yet flexible enough so that a radiation-
conduction~convection coupled heat transfer problem could be exparimen-
tally investigated. The thermal analysis also illustrates the complex-
ity which arises in the analytical approach to such a problem and the
importance of being able to correctly model a system.

In order to check the modeling criteria a radiation-conduction-
convection coupled heat tvansfer problem had to be selected so that all
three modes of heat transfer were present. This meant that the system
had to be capable of containing a fluid. Since the system was to be
tested in a simulated space enviromment, proper sealing of all connec-
tions was important. The first system for analysis consisted of two
concentric spheres with a fluid in the annular space, This system had
the merit of simplicity; however, sufficient information on the con-
vactive film coefficient was not available from the literature. Thus,
before a reliable experimental program could be conducted, sufficient
tests would have been necessary to determine the necessary convective

*

The second system for analysis consisted of two concentric

63
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rectangular tubes. This geometry was alsoc restricted by a lack of
information on the conveétive film coefficient.

The third system for analysis consisted of two long concentric
cylinders. Considerable information has been reported in the litera-
ture ([36], (377, [38], [39], and [40]) on the convective film coeffin
cient for horizontal cylindricai annuli. The concentric cylinder sys-
tem was selected for the experimental program and is discussed in the

following sections.,
Governing Equations for Concentric Cylinders

The concentric cylinders shown in Figure: 20 were divided into two
systems in order to perform the thermal analysis. One system consisted
of the iuner cylinder; the other cylinder comprised the other system.
The solution to the thermal fields in these cylinders were connected
through the boundary conditions. The inner cylinder was subjected to
a uniform heat flux and the outer cylinder was exposed to a simulated
space environment. In formulating this problem the following assump-
tlons were made:

1. Steady-state conditions,

2, Symmetrical temperature distributions in the angular direc-

tion.
These assumptions reduced the problem to thermal variatioms in the
radial and axial directions. Applying the first law of thermodynamics
to a small element in the cylinder, as shown in Figure 21, the follow-

ing equation was obtained:



L TA . 7
\ 20 f2i : _ q, az
R
//{m\ H}:‘;‘ RN

Figure 20, System with Two-Dimensional Heat Flow

Figure 21. Volume Element of Two-Dimensional System
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1 3 aqz
- — (q,,0) +— =0, (4-1)
r or oz

where Ay and qé are the r and z components of the heat flux, respec-
tively. Fourier's law of heat cenduction was used and obtain expression

for 4., and q,e That is,

]

q = = k — and q -k =
T ar s 3z

By substituting these expressions into Equation (4-1) the following

equation was gbtained:

r Br ar Bz Bz

= 0. (4-2)

‘Equation (4-2) was used to analyze both cylinders. Using subscripts
of 1 and 2 to denote the inner and outer cylinders, respectively,

Equation (4-2) becomess

1 9 3T1 a BTI
- — (g =) + — (& —) = 0, () jmsresr) (4-3)
r Jr or dz oz

and
LI BT o) 3T2
—— (kzr ———) + — (k —=) = 0. (r2f5r=5r20) (4-4)
r or dr dz oz

If the thermal cenductivity, k, is such that it is approximately
constant over a selected temperature range the temperature fields,

Tl(r,z) and Tz(r,z), in the cylinders must satisfy Laplace’s equatiogn.



r dr or oz

.i 3 or,

) T,

Thus, Equations (4=3) and (4-4) become

it

==

The boundary conditions for the

0, (r

= 0

’ (rZi T .;'51720)

= ==

117 10

systems shown in Figure 20 are:

67

) (4=5)

(4-6)

8Tl (r,0) BTZ (r,0)
s 2 () .= 0,
dz dz
ar, (r,L) ar, (ryL)
- k 1 = 00 - 1( 2 o 60
910 22
oz Dz
(4-7)
Ay (rgys2)
T rpg 2) = Ty = ko 93
. a‘r
L0 (Type®) Iy (rge2)
-k = Gy -k - = Ugo
or or

Equations (4-5) and (4~6) are second order linear partial differemn=-
tial equationso The separation of variables technique can be usad to
obtailn product type sclurions, but the complex boundary conditions make
it difficult to obtain the constants in these solutions. Thus, it is
possible to sclve for the temperature fields numerically when sufficient

boundary data are known., For the concentric cylinder systemy, a two-
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dimensional thermal analysis ceuld not be performed because of insuf-
ficient information on the convective boundary conditiens. Thus, in
order to simplify the problem, the herizontal test arrangement was de-

signed to permit only one-dimensional heat flow in the s0lid cylinders.,
Thermal Analysis of System with One-Dimensional Conduction

In order to simplify the thermal analysis, the system was designed
to permit only radial heat transfer through the mid-sectien of the con-
centric cylinders. This was accomplished with guard heaters. For the
concentric cylinder system, the heat conducted through the inner
cylinder was approximately equal te the energy transferred through the
annulus by convection and radiation. If the energy input to the system
is known, the temperatures throughout the solid cylinders may be deter-
mined, provided a model can bé developed to predict the energy trans-
ferred across the annulusov The fluid properties within the annulus
were such that the gas did not participate in the radiant exchange.
Thus, each mode of heat transfer was examined separately and the find-
ings were combined te complete the thermal analysis. The nomenclature

used in this analysis is shown in Figure 18,

Radial Conduction Through Solid Cylinders

In performing the thermal analysis ef the selid cylinders, the
following assumptions were made:

1. Steady-state heat transfer,

2, No axial or angular temperature gradients,

3. Uniform heat fluxes, ﬁl’ and 329

4. Constant thermophysical properties,
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5. Constant surface temperatures on each cylinder.
Under these assumptiocns the heat transfer is in the radial direction

and can be expressed as

=-kall, (4-8)

q
k dr

Integrating Equation (4-8) between the limits of T, at Vg and T, at vV,
yields

2 ke (T.,-T)
= 1 o (4-9)
r

ln =2

Ty

9

The heat transfer through the inner cylinder (subscript 1) and that

through the outer cylinder (subscript 2) may be expressed as

T )
-5 o =2k =i 100 (4-10)

T10

In —

a
ky

and

U, = Gz, 1) = 2T (4-11)

respectively.

Equations (4~10) and (4-11) may be selved for the unknown tempera-
tures provided the heat transfer and one temperature én each cylinder
is specified. A thermal analyses performed in this manner has restric-

tions. During any test the temperature of the surroundings was speci-
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fiedo Thus, this prevides a starting point for determining the tempera-
tures throughout the system, provided medels can be formulated to

accurately predict the heat transfer by radiation and convection.

Radiant Exchange Between System and Surroundings

The heat transfer by radiation will depend upom the properties of
all systems participating in the exchange. 1In order to simplify this
analysis, the emissivity and absorptivity of all surfaces threugheut
the system and surroundings were assumed to remain constant. These
preperties were contrclled by the use of selected coating materials.

The concentric cylinder system was tested im a simulated space
envirenment. In this environment the pressure was low emough so that
radiation was the only mode of heat exchange between the system and
the surroundings. Therefore, the net heat transfer, d3s between the

system and the surroundings may be evaluated by.

4 4

(TZO - TW.)o (4-12)

43 = Ao U3 = Ay O &0 Fagy,
For a given heat transfer dq (which is approximately constant through-
out the system) and a known constant temperature of the surroundings,
the temperature, T209 of the eutside surface of the system can be
determined from Equation (4-12). This temperature (TZO)” together with
the constant heat transfer, may be used to obtain the inside surface

temperature, TZi’ of the outer cylinder (See Equation (4-~1l)).

Radiant Exchange Between Concentric (ylinders

The radiant energy leaving the outer surface of the inner cylinder

was not equal to that entering the inner surface of the outer cylinder,
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This difference was primarily caused by the ends which were needed in
sealing the annulus. The relative magnitude of this difference was
established through an example utilizing typical conditions during a
test. This, together with a technique for evaluating the radiant ex-
change %between the concentric cylinders, 1s presented below.

The integral equation for evaluating the net heat transfer by

radiation at the j th surface is [34]

n
, = d - . dA, -
et j 1 Ak Fyp -y A jAj J; A, (4-13)

where J) represents the function J over the area of the k th element.

The radiosity functions, Jj’ in Equation (4-13) are

' n
J,=E, +p L

. z J' F d H j=l 25000,0 (4’“’14)
J y J Aj k=1 Jkk k dAk Aj Ak ’ o ’

Where Ej represents the emitted energy frém the j th element and ? re-
presents the reflectance of the j th element. Equation (4-13) was
solved by finite difference approximations for the annulus between the
concentric cylinders., This method of solution is discussed in detail
in Reference [34].

In order to write the integral equations as finite-difference
approximations, the following assumptions were necessary:

1. The enclosure has n isothermal surfaces or elements.

2. The emissivity and reflectivity of all surfaces are censtant.

3. The incident radiation is uniformly distributed over the

surface of an element.

The above assumptiens imply that emissions and reflections are Ygray
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S

and diffuse." Thus; J, is constant over the area Ak and the radioesity

k

function given by Equation (4-14) becomes

- n
J.=E,+p, T J F 5 37125000511, (4-15)
I3 i kAT
or
— n
J,=¢,E +p, L J F 5 3=1,2, 000,00 (4-16)
J j bj j =l k A54> <
1If F is represented as F,, Equation (4-13) becomes
Aj-’ﬂk jk
n
Get, = kzl (3 = 39 Fy Ao (4-17)

Equation (4~17) was used teo obtain approximate values for the radiant
exchange between the concentric cylinders. The accuracy depends upen
the temperature difference between adjacent isothermal elements. As
the temperature difference decreases the accuracy increases,

In selecting a model to describe the radiant exchange between the
concentric cylinders, the system was analyzed for two different temper-
ature @istributions° First, each cylinder of the concentric cylinder
system was divided into isothermal elements (referred to hereafter as
nonisothermal case) and Equatien (4-17) was used to obtain the net
heat transfer from each element. Second, the surface of each cylinder

was isothermal (referred to hereafter as isothermal case).

1. Nonisothermal Case

From initial tests performed on a concentric cylinder system, the

. )
temperature drop from the center to one end was less than 3 F. For the
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|
ENCLOSURE

Figure 22, 1Isothermal Surfaces for
Radiation Calculations

first attempt to evaluate the radiant heat transfer between the
cylindrical surfaces, the enclosure was divided into isothermal elements
as shown in Figure 22. This selection of isothermal elements allowed
the temperature difference between adjacent elements to be less than
three sixteenths of a degree. The system shown in Figure 22 consisted
of 36 isothermal elements. For this enclesure, 1296 configuration
factors and 1296 radiosity values must be determined in order to evalu-
ate the radiant heat transfer between the cylindrical surfaces. This

selection of isothermal elements was abandoned because of the labor
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required in ebtaining a solution. For larger temperature drops or
greater accuracy, the temperature difference between adjacent elements
must appreximate the actual temperature distribution.

Since the inmer and outer cylindrical surfaces were approximately
uniform in temperature, three isothermal elements én each cylinder were
selected for the radiant heat transfer calculations. The isothermal
elements are shown in Figure 23. 1In eorder to determine a typical value
for the net radiant exchange of an isothermal element, it was necessary
to select typical values for the geometric dimensions, temperatures,

and emissivities.
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Figure 23. 1Isothermal Surfaces for
Radiation Calculations
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Before evaluating the net radiant exchange, the configuration
factors and radiosities had to be determined. The configuratiens fac-
tors were determined from configuration facters for equal length con-
centric cylinders and flux algebra. The concentric cylinders consisted
+L,+L

of lengths of Ll’ L2, L3, L, + L2, and L1 9 3° A typical cencen~

1
tric cylinder system is shown in Figure 24. From Reference [35] to-

gether with the notation shewn in Figure 24, the varieus facters are:

2

Ry 1 . L0~ Rz + R 1
Fo, ===/¢1 - = /Cos ( -) -
21 R m L + R2 - R? 2(R.)L
Q [e] 1 1
2 2
' 1 R (L - R R.)
\/(L2 + Ri + Ri)2 - (2RiRo)2 . Cos'l — - 5 2 ; +
R (L 4+ R - R))
] 1
2 2 2 R 1.2 2 2
(L = R+ RY ) sin——= - &£ (L 4+ RT - R)) ,  (4-18)
o i : o i
R 2
o]
2
R 112R, 2\,R2-R2 L \4R“—1—L2
i 1 o i o]
F22 1 - — 4+ - tan - .
LR R 2R L
(] [} ] o]
Lz
2 2 02 2 2 2
., =1 4(Ro - Ri) + RQ (Ro - 2Ri) . =1 Ro - 2Ri
Sin - - S1n T —————
L2 + 4 (R2 - R?) R2
o] 1 (o]
T | V&Ri + 1.2
R . T | , (4~19)
2 L



Figure 24.. Two Equaleength'Conceh-
Ny tric Cylinders

Fy, =1 -4 3p4R1 " Ry (Fgp + 2Fy; - 1)p
) R - R
o i
and
Foo =% (1 = Foy = Fao)
23 =7 21 = Fa2)-
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(4-20)

(4-21)

These equations were solved on a digital computer for the system shown

in Figure 23. The computer program used in obtaining the configuration

factors is listed in Appendix B and the resulting configuration factors

are presented in Table VI,

The radiosity equations were obtained from the following expres-

sions [34]
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For the system shown in Figure 23, two sets of equations were establish-
ed from Equation (4-22) for the isothermal and nonisothermal cases,
These equations were sglved on the digital computer (See Appendix C for
listing of program). The radiosity, net radiant flux, and tdtal radiant
exchange for the various isothermal surfaces shown in Figure 23, are

listed in Table VII.

2. Isothermal Case

For this case; the surface of each cylinder was assumed to be
isothermal. This particular temperature distribution was selected in
order to demonstrate the importance of maintaining each cylinder at a
constant temperature. The geometric dimen§ion5, temperatures, and
emissivities used in performing the calculations are listed in Table
VII. The radiosity, net radiant flux, and total radiant exchange are
listed in Table VIII.

As a matter of comparison, the infinite cylinder approximatiocn
was used to compute the radiant exchange between the concentric cylin-
ders. In this approximation eadh cylinder must be isothermal. For two
infinitely long isothermal cylinders, the radiant exchange at the mid-

section is

' . (4-23)
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TABLE VII

TEMPERATURE, EMITTANCE, AND DIMENSIONS OF THE ELEMENTS

NONISOTHERMAL CASE TSOTHERMAL CASE
Strface Emittance Temperature Emittance Temperature Size
1 0.97 598°R 0,97 600°R
2 0,97 600°R .97 600°R R, = 050"
3 0.97 598°R 0.97 600°R Ry = L.50"
4 0.97 495°R 0.97 - 500°R L, = 4.00"
5 0.97 500°R 0,97 500°R Ly, = 6,507
6 0.97 495°R 0,97 500°R Ly = 4,00"
7 0.10 546.5°R 0,10 550°R
8 0.10 546.5°R 0.10 550°R

(The surfaces were assumed gray.)



TABLE VIII

HEAT TRANSFER AT SURFACE OF ELEMENTS

Surface _J-Values gnet, j-values q-values J-values gnet, j-values g-values
Btu/hr-ft2 Btu/hr—ft2 Btu/hr Btu/hr/ft2 Btu/hr~ft2 Btu/hr

1 210.02284 -103.8750678 - 9505825472 218.64478 -108.574023 ; 9.47487498
2 218.57807 -110.7939577 -15.670583 218,5921171 ~110.339745 -15.64705857
3 210.02284 -103.879067 - 9.058254 ~-218.64478 ~-108.574023 = 9.4748749
4 103.9538 35.778434 ©.3381714 108.19468 36.52188 9.561407308
5 108.1793 36.1602324 15.368098 108.20537 36,9469 15;71810038
) 103.9538 35.77843 9.3381714 108.15568 36.52188 §.561407308
7 125.453 - 2.9127529 - 0126996 130.11423 - 3.8391085 - 0;1675127
8 125.453 - 2.,9127529 - 0.126996 130;11423 - 308391085 - 0.1675127

08
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The temperature and emissivities used in computing the radiant ex- .
change were those listed in Table VII for the midsection of the concen-
tric cylinder system. For these conditions, the radiant exchange at
the midsection is 15.1841 Btu/hr.

In conclusion, the radiant exchange computed by the infinite
cylinder approximation was in close agresement with the isothermal and
nonisothermal cases presented in Table VIITI for the midsection of the
concentric cylinder system. According to this typical example, the
maximum difference was less than 3 percent. Therefore, the radiant
exchange between the concentric cylinders, at the wmidsection, can be

obtained from the infinite cylinder approximation,

Convective Heat Transfer Across the Annulus Between Horizontal

Concentric Cylinders

Whenever a fluid is present within the annulus between concentric
cylinders, energy will be convected across the gap if a temperature
difference exists, The quantity of energy cornvected across the gap
may be determingd if the convective flim coefficient is known. An
estimate of the magnitude of this coefficient may be obtained from
previous investigations of natural convection between concentric cylin-
ders. The exact magnitude depends upon the eract conditions within the
annulus, and as these conditions change the coefficient will change.
Changes in film coefficient are asseciated with changes in flow pat-
terns. If the gap temperature difference exceeds certain limits, the
flow may beceme unsiable.

The dependence of the film coefficient on the conditions within

the annulus may be explained by examining the flow patterns for the
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varicus flow regimes. Typical flow patterns for a few of the flew
regimes are shown in Figure 26. Under certain conditicns the flow
between the concentric cylinders will oscillate [47]. The exact cause
and occurrence of these oscillations has not been established.

The convection heat transfer associated with the various flow
regimes is shown in Figure 25. These results point out the variation
in convection heat traunsfer as cbserved by several investigators.
Empirical correlations by Beckmann [387], Liu, Mueller, and Landis [40],
Grigull and Hauf [36], and Lis [37] have been formulated for the over-
all convection heat transfer in long horizontal cylindrical annuli.
These correlations and theilr ranges of application are listed in
Table IX.

In order to obtain an estimate of the energy convected across the
annulus, an empirical correlation of the film coefficient was selected.
Figures 27, 28, and 29 show data generated from the relations presented
in Table IX for the three different relative gap widths used in the ex-
perimenital program. As can be seen from these figures, there was cone-
siderable variation in the Nusselt number for a given Grashof number,
For this reason, it was necessary to use several different convection
film coefficient correlatious in performing the analytical investiga-
tions. In the experimental program a correlation was established from

measurements takem oen the protetype.



TABLE IX

EMPIRICAL CORRELATIONS OF HEAT TRANSFER IN LONG CYLINDRICAL ANNULI

: Indicated Range of Range of
Empirical Correlation Scurce Fluid Deviations Dia.Ratioes Grashof No.
Z—,{ = 31,0 Krausseld Air,Hyvdregen, +22.9% and 1.%}300 log PrGrs'SBeO
= CO,, Water, =-20% .
Transformer
0il, Machine » :
K 0.29 oil
.,%E = 0,11 (PrGr., ) ° Krausseld Air; H,;, CO,s +22.9% and IQZD&?ﬁaO 3.8 log (PxrGr _)<6.0
k & 2 2 di )
. Water, Trans- -20%
former oil,
Ke 0.20 Machine oil o e
== = 0.4 (PxGr. )} ° Krausseld Air; H,, CO,, +22.9% and 1. 3.0 leg (PrGr >>6.0
k 6 2 2 di &
‘ Water, Trans- -20%
- _r) 278 fermer oil 2
(Px Gré) Machine oil o (Pr GrG)
T“ﬂ' 0,135 | . Liug Air, Water == 1°155§_j_§-°5 3.5 leg W 0,
(LB()-!—PI:Z! Mueller, and - 2
Ke _ ;4 ™ axl Landis Silicene lo (PrGry) 0
—_— = 1.0 o e oY
k - , , & .36t~ "
Nu _I'g 2040, 745(5/’d 7 Gy é 002(6/d1) Grigull Air 4 == 1.: “d 3 3 s 000=Gr=1 . G00, 000
i & 7
and Hauf
Tl . 1 5 2 N £
L 00389(GRiPr[1=(%§)]6“}0' 3 Lis Air + 15% 23, 4x10°=(Grpr)i=10°
7o O 329 8 :
XS = 0.087¢oR, Pr{1-4 ﬂ Lis Air + 9% 22, 10%5r Presx10"0
k i - di i

€8
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Before the film coefficlent can be obtained frem the cerrelations
listed in Table IX; the dependency ef the transpert properties upen
pressure and temperature must be establishadc Once this dependency
has been established, the comvective film coefficient can be obtained.

The convective heat fiux9 in terms of the film coefficient, may be

computed by the relation

q. = qcl = h (TIO - T21)° (4-24)
100
(Nus)m ) FLUID: AIR ‘
. | ——
30 = R, e
P ]
__’. ' ;
op— v‘“‘f
(NUS)C A"/ S =1 ]

= i

PR o e v X AN

02 3108 13 0% 0° 3 T8
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' Numerical Solution of

Hauf and Grigull Beckmann Crawford ond Lemlich Equation of
8/d; S S/ 8 Liu, Mueller and Landis
© 0I5 . 108 e 0094 + 05 for 8/d; = 0.55
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Figure 25. Heat Transfer by Natural Cenvection in Horizontal
Cylindrical Annuli., Pr=0,71
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(@) Unstable Flow Patternin ~ (b) Flow Pattern in Transition Retjinﬁe.
Turbulent Region. ' '

{c) Kidney Shaped. Eddy Pattern (d) Cresent Eddy Pattern in Fully
in Fully Developed Region. - Developed Regime. '

Figufe 26. Representation of Flow Patterns Which Exist in the
' Fully Developed Regime. Source: Refo 36o
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The total heat transferred across the ammulus is
= -+ . '(ii-“' 25
q qc qru (4-25)

where 1, is the energy transferred by radiation. Since the total heat
transfer and the imside surface temperature of the outer cylinder are
known, Equations (4-11), (4-12), and (4-25) may be used to ebtain the

outer surface temperature of the inmmer cylindex.

Dependence of Tramsport Preperties on

Pressure and Temperature

The pressures (2 to 30 psia) within the annuli of the models and
prototypes used in the experimental imvestigatien had very little
.effect on the thermal conductivity and viscesity of the gas., The
effect of pressure on these transport properties is shown in Table X.

;

Table X is based on data taken from Reid and Sherwood [42]. 1In this

Lor of rhermal con-

table the explahation used in describing the behas
ductivity and viscosity, in each pressure range, should be interpreted
for increases in pressure.

The effect of temperature on the low-pressure thermal conductivity
of air can be established from experimental data, Experimental data
for viscosity and thermal conductivity have been reported in Reference
[43]. Various empirical methcds may be used to relate thermal conduc-
tivity to temperature; in this cass, the representatien selected was a
pelynomial in temperature. The polynomial which describes the experi-

mental data to within 4+ 0.25 percent is

i 272
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TABLE X

PRESSURE EFFECT ON VISCOSITY AND THERMAL CONBPUCTIVITY OF AIR

Viscosity Thermal Cornductivity Pressure Range
Nearly no effect Increases rapidly 0.0=tp=l mm Hg.
Very slight effect Increases about 1 mm Hgo mmp =10
1% per Atmes. atmcspheres
(Known as low-pressure
region)
Increases Increases rapidly 10 atmospheres ==p

vKuation (4~26) was obtained by applying the least square curve fit
computer program (listed in Appendixz D) to the experimental data pre-
sented in Reference [43].

The two-constant Sutherland equation has been shown to be reliable
in correlating viscesity-temperature data [44]. The Sutherland equa-

tion is

T3/2

U-:bl /(SO + T)s {!‘1’“’27)

3/2 , y
where a plot of T / /u versus T should yield a straight line with a
slope of 1/b, and an intercept of 509 the seo-called "Sutherland
Constant." The Sutherland equation was obtained from the plot of ex-

perimental data shown in Figure 33. This esquation is

/2

w=1"2/(375 T + 77,700). (360°R ==T ==920°R) (4-28)
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Equations (4-26) and (4-28) were substituted into the selected
convective film coefficient correlation in order to obtain an estimate
of the film coefficient. This film ceefficient was substituted into
Equation (4-24) to obtain the convection heat transfer across the

annulus.

Theoretical Calculations of Temperatures on Models

and Prototype for Various Energy Inputs

The governing heat flux equations have been developed in the pre=-

“cediﬁg sections. These equations were used in conjunction with the

40 T T ; T

30H

= T%/(375T 4 77,700)

€ 105G 200 300 400 500 500 7¢O 860 aCo 1000
TEMPERATURE IN °R

Figure 30. Viscosity versus Temperature at Atmospheric
Pressure
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convective film ceefficient cerrelatiens to obtain a thermal analysis
of the test section. The thermal analysis was performed for horizontal
erientation of the system, and this analysis ir valid enly for the
center section of the system.

Numerical solutions to Equations (4-10), (4-11), (4-12), and
(4~25) were obtained (See Appendix E) for various energy Ilnputs and
convective film coefficient cerrelations. The results obtained from
the solutions to these equations are presented in Table XXII (See
Appendix E) for the models and prototypes used in the experimental
program. The important conclusions drawn from the thermal analysis
ares

l. A test section with one-dimensional heat flow is essential
for accurate thermal analysis and to establish the modeling
of convection heat transfer.

2, The radiant exchange between the concentric cylinders may be
accurately evaluated by the infinite cylinder approximation.
This approximation predicts the radiant exchange more accu-
rately when there is a small temperature drop from the center
to one end in the axial direction.

3. The temperature difference across the gap should be low
(depends upon relative gap width) in order to eliminate flow
oscillations within the fluid contained in the annulus. The
occurrence of these oscillations was difficult to predict.

4, The correct convective film coefficient was obtained from
tests performed en the pretotype. This was necessary becaugs
of the disagreement between published correlatiems of the cen-

vective film coefficient.
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The theeretical calculations furnished a basis for comparing

the steady-state experimental results,
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CHAPTER V
TEST SECTIONS

The test sections were designed so that the thermal modeling of a
radiation-éonduétion—convection coupled heat transfer problem could be
experimentally investigated. Several factors entered into the selec-
tion of a particular geometric shape for the test section. These fac-
tors ranged from fabrication difficulties to problems associated wifh
determining the amount of energy transferred by natural convection, A
concentric cylinder system was the simplest shape ﬁo construct with
-available equipment. Alse, sevéral investigations of natural convec-
tion between concentric cylinders have been reported in the literature,
‘These previous investigations permitted a check on the amount of heat
transferred by convection. For these reasons, the concentric cylinder
system was selected to check the validity of the thermal modeling
criteria developed in Chaptef III. |

The concentric cylinder system was designed to give one-dimensional
(radial) heat flow through the solid components of the system. TFor a
constant heat flux in the radial direction, the surface of each cylin-
der was nearly isothermal. Isothermal surfaces were nécessary in order
to separate the émount of energy transferred acress the annulus by
convection frem that transferred by radiatioh (See Chapter IV). 1In
order to achieve the desired isothermal surfaces, guard heaters were

used during steady state testing. An assembly drawing of the system

94
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is shown in Figure 31.
Description of Test Sections

Three prototype and three one-half scale models were designed and
constructed in order to check the validity of the modeling criteria.,
These test sections were designed with relative gap widths, §/di, of
1.0, 0.30, and 0.25. This range of relative gap widths allowed the
investigation to cover the convective regimes from pseudo-conductioen to
fully developed laminar flow without exceeding the upper temperature
limit of the test sections and without developing flow oscillations.
Several systems could have been designed with the same §/di. Since the
energy transferred from the test section was absorbed by a liquid
nitrogen cooled liner (enclosure), a system with a low tetal heat flow
to the liner was less expensive to test. This together with the size
of the liner, limited the size of the prototype.

Each test section consisted of concentric cylinders, heaters, end
plates, and several miscellaneous parts. Detail drawings of each part
of the test sections are shown in Figures 33 through 38 and photographs
of a prototype and the corresponding model are shown in Figure 3%9. A

description of the components is given in the following sections.
Cylinders

The prototypes or models consisted of an outer cylinder and three
inﬁerchangeable inner cylinders. Each cylinder was constructed from
6061-T6 drawn aluminum tubing. Thick wall tubing was cut to size and
an o-ring groove was cut in each end of each cylinder. Three small

aluminum tubes were welded to the outer cylinder. A gas f£ill line was
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Figure 31.

ASSEMBLY OF TYPICAL TEST SECTION

Schematic of Typical Test Section
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attached to one tuhe and thermocouple feed-throughs were attached to
the other two tubes. Prototype and model dimensions are listed in

Figure 32,
Heaters

The heaters used in each test section, during the steady state
investigation, consisted of a main heater and two guard heaters,

These three heaters were made of fiberglass insulated nichrome wire
spiral wrapped around a grooved phenclic tube, Each heater contained
the same number of turms per inch and the same gage wire was used for
all three heaters. Separate power and potential leads were connected
to each of the three heaters. A list of the wire gages used in each
test section is shown in Table XI.

For the transient investigatlon only one heater was used in each
test section. This heater was made of 24 gage fiberglass insulated
nichrome wire spiral wrapped around a grooved aluminum tube. Potential
leads were connected to a €.50 inch leng sectien in the prototype and
a 3.25 inch long section in the model. This was necessary in order to
determine the power dissipated in the middle portion of the test sec-

tion.
End Plates

The end plates were cut from a sheet of Lexan. This material had
a thermal conductivity of approximately 0.11 Btu/hr £t°F. This low
value of thermal conductivity restricted the flew of heat, by conduc~-
tion, between the inner and outer cylinders and made it easier te

achieve isothermal cylinders. The Lexan had & maximum operating



temperature of approximately 250°F.,

The inner surface of each end plate which was exposed to the
annulus, was covered with aluminized mylar (two layers on prototypes
and one on models). This reduced the amount of energy transferred to
the ends by radiation. The mylar was not in contact with either cylin-

der.

Miscellaneous Parts

Several miscellaneous parts were used in assembling each test
section. These miscellansous parts included; phenolic spacer rings,
viton o-rings, aluminized mylar, aluminum powder, aluminum reod, stain-
less steel washers, and aluminum screws. The locations of these parts

are shown in Figure 3l.

Assembly of Thermocouples, Power Leads, Potential

Leads, and Gas Fill Line

The instrumentation attached to a test section consisted of
thermocouples, power leads, electrical potential leads, and a gas fill
line. The wire gages are listed in Table XI.

The thermocouple junction was formed by welding copper-constantan
wires together. This junction was then shaped to fit the curvature of
the test section. A spot of high vacuum grease was placed between the
metal and the thermocouple junction to provide a goed thermal contact.
For the thermocouples on the inner cylinder, the lead wires were ex-
tended in an axial direction from each junction teo the nearest end.

At this point, they passed across the amnuius and out through two small

tubes. Ultra-Torr adapters were used tg connect these small tubes to
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TABLE XI

HEATER AND THERMOCOUPLE WIRE GAGES

Heater Wire Gage
Test Section Potential Current Thermocouple Wire Gage

(Copper) (Constantan) (Copper-Constantan)

l1p 30 24 30

2P 30 24 30

3p , 30 24 30

1M 30 30 36

2 M 30 30 36

IM 30 30 36

"Conax" thermocouple feed~throughs. The thermocouple junction and lead
wires were kept in place by a light covering of epoxy cement. The
thermocouples were located on the model and prototype as shown in
Figure 40.

Two copper leads, enameled and fiberglass wrapped, were soldered
to each end of the heater wires. These leads were passed through small
holes in the wall of the heater core and out through the stainless
steel washer. One of these leads was used for carrying current, and
the other was used for electrical potential measurement. The soldered
connections between the copper leads and the nichrome heater wire were
coated with an enamel and a fiberglass resin.

All wires were polished for about twelve inches from the point

where they left the test section. These wires were then extended and
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soldered teo a junction plate, ‘This junction plate was used to facili-~
tate the changing of test sections. The wires were extended from the
junction plate to feed-throughs located in the chamber wall (See Figure
42).

Air was supplied to the test section through one~eighth inch
diameter teflén tubing, as shown in Figure 42. An Ultra-Torr union was
used to comnect the teflon tubing to the test section (See Figure 31).
This tubing was not modeled because of the low thermal conductivity and
because the volume of the tubing was approximately two hundred times

less than the volume of the smallest annulus.
Assembly of Test Sections

After installing the therﬁocouples, heater wires, power leads,
and potential leads the cylinders were painted with "Velvet Coating
101~G10," a product of Minnesota Mining and Manufacturing Company.

Both cylindrical surfaces of the outer cylinder and the outside surface
of the inner cylinder were spray painted with this flat black paint to
a mean thickness of approximately 0,003 inches.

At this point, the heater section was installed inside the inner
cylinder and the space between these two parts was filled with atemized
aluminum powder. Phenolic spacer rings were used to align the heater
section within the inmner cylinder. This assembly was placed inside the
suter cylinder and the ends were installed. The ends were held in
place by an aluminum rod passing axlally through the test section and
by aluminum screws located around the outer edge of each end., ERach end
was then covered with layers (six on prototype and 3 on medel) of

aluminized mylat,
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Convection shields were used during the steady-state tests per-
formed while the test sections were located in the vertical position.
These shields were necessary to ensure that the power input to the main
heater was transferred across the annulus to the outer cylinder. They
were made of Lexan (é% -inch thick sheet for the prototype and g% ~inch
thick sheet for the model). A tybical location of these shields is

shown in Figure 4l.
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Figure 39. Photograph of Model and Prototvpe.
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CHAPTER VI
EXPERIMENTAL PROGRAM

The thermal modeling criteria for a radiation-conduction-convection
coupled heat transfer problem were developed in Chaptér ITI. In order
to verify this modeling criteria, the systems described in Chapter V
were ;onstructed and tested. The modeling criteria were used to pre-
dict the thermal behavior of a pretotype from tests performed on a
geometrically similar model. Tests were then perfermed on the proto-
type in order te verify the predicted results.

All test were conducted with each test section located inside a
space simulation chamber. The chamber provided the necessary low
temperature-low pressure environment so that an accurate prediction of
the energy exchange between the system and the surroundings could be
made., A description of ﬁhe test facility and the experimental proce-

dure is given in the following sections.
Description of Test Facility

The test facility consisted of a space simulation chamber, power
supply equipment, data measuring equipment, and the concentric cylin-
der test sections. The test sections were described in Chapter V. A

schematic of the test facility is shown in Figure 42 and photographs

are shown in Figure 43,
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Space Simulation Chamber

The space simulation chamber was a standard piece of test equip-
ment in the heat transfer laberatory. Ihe chamber consisted of a
horizontal stainléss steel cylinder, four feet long and two feet in
diameter, and two removable stainless steel flanges. The chamber
pressure was reduced to approximately 1 x 10-5 torr (mm of Hg) by a
rotary mechanical pump in series with a six inch eil diffusion pump
(See Figure 44) for pump-down characteristics.; A freon cooled baffle
was used to prevent‘diffusion pump o0il from entering the simulation
chamber. The baffle was the evaporator of a small freon refrigeration
system. The chamber was equipped with feed-throughs for thermocouples,
heater power, potential leads, liquid nitrogen, and gas to contrel the
density between the concentric cylinders.

In order te obtain a low temperature environment, the main cham-
ber was equipped with an inner chamber liner., The liner was censtruc-
ted of copper and consisted of a twenty-six inch long, twenty inch
diameter cylindervwith an optically tight baffle oen one end and a
removable flange on the other end. A continueous piece of ene quarter
inch diameter cepper tubing was attached te each part of the baffle
and spiral wrapped around the cylinder. Liquid nitregen was forced
through the copper tubing and discharged teo the atmosphere. A liquid
level contreller was used in conjunction with a selenoidally operated
valve to contrel the flow of nitregen and to ensure that liquid was in
the tubing at all times during a test. The inner wall eof the liner was
coated with flat black paint (velvet ceoating 101-C10) in order to
ensure surfaces with high and uniform values of emittance and absorp-

tance [26]. Conduction from the outer chamber wall to the liner was
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Figure 43, Photograph of Test Facility.
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minimized by supporting the liner on three legs. During testing, the
chamber was maintained at a pressure below 1 x 10”6 torr. The cylin-
der and baffle end of the liner were maintainedvat a temperature of
160 degrees Rankine. Tests showed that the removable liner flange

temperature was below 185 degrees Rankine.
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Positions of Test Section

Various tests were performed with the test sections located in the
horizontal and vertical positions, Tor these two positioms, each test
section was centrally located within the liner,  The horizontal posi-
tion was attained by extemding nylon cords from a small rod passing
through the liner to each end of a test section., The vertical position
was attained by extending a single nylon cord from the rod to one end
of the test section, The nylon cord was very long in comparison to
the diameter in order to minimize conduction losses, Photographs of

the two different positions of a test section are shown in Figure 45,

Temperature Measuring Equipment

The thermocouple output, for steady state conditions, was cobtained
from a digital voltmeter., This voltmeter had a reproducible accuracy
of + 0,005 millivolt or approximately + 0.25 degree in the temperature
range of the experimental work., The digital voltmeter was calibrated
with a Leeds and Northrup Model 8686 portable potenf:iometer, During
all tests, the thermocouple reference junction was maintained at 32°F
with an ice bath,

Before each test the test section was exposed to a vacuum environ-
ment at ambient temperature for several hours. At this equilibrium
condition the output of all thermocouples on the test section and the
liner were within + 0,002 millivolt of each other, Therefore, it was
reasonable to assume that temperatures were measured to an accuracy of

at least + 0,75 degrees during steady state test,
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Figure 45. Photographs of Prototype Mounted Vertically and Horizontally
in the Space Simulation Chamber,

Power Supply and Measuring Equipment

Steady state testing was performed on systems containing three
heaters (two guard heaters and one main heater), For the steady state

testing, separate D-C power supplies were used to provide power to each

heater,
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These power supplies were hand controlled to within + 1 millivolt
during test runs.

Current input to a heater was determined by measuring the voltage-
drop across a calibrated shunt in series with the heater. The véltage
drop across the shunt was measured with the same self balancing
potentiometer which was used to measure thermocouple output. The shunt
resistance was measured to within + 0.10 per cent with a Kelvin bridge.
Separate leads were provided to each heater for potential measurement.
The potential drop across each heater was measured with‘a digital
voltmeter. This instrument had a four digital display and was cali-
brated to + 0.0l volt accuracy. The input impedance of the digital

voltmeter was greater than one megohm.

Pressure Measuring Equipment

The pressure of the gas between the concentric cylinders was
measured with a mercury manometer connected in the gas supply heater
as shown in Figure 42. This pressure was measured while the test
section was at ambient temperature. The manometer was read to within
about + 0.025 inch. The space simulation chamber pressure was measured

with an ion gage.
Experimental Procedure

A definite procedure was followed in installing and testing each
test section. During testing, only one test section was located in

the space simulation chamber.
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Steady State Testing

The test section was installed within the liner, and the necessary
feed-throughs were connected to the equipment located outside the
chamber. After completing these connections the linear and chamber
flanges were installed. Air was then supplied to the test section,
through the gas fill line, until the desired density was obtained. The
thermocouples were checked for equality of output and the pressure and
temperature of the gas were recorded, All valves on the gasvheader
were then closed and pump-down of the chamber was started.

After several hours of pumping, the chamber pressure reached an
equilibrium state of approximately 1 x.lOm5 torr. At this equilibrium
state the pressure and temperature of the gas were checked to.determine
if any leaks had developed. 1If the density of the air within the test
section was not affected by pump-down, then all valves on the gas
header were closed and cool-down was started by alléwing liquid nitrogen
to flow through the copper tubing around the liner. The test section
was protected from temperature extremes by adjusting the power input to
the heater during the cool-down period. Cool-down time was approxi-
ﬁately six hours. After ccol-down the chamber pressure was approxi-
mately 1 x 10-6 torr.

After cool-down, the power input to the main heater was set to the
desired value and tHe.inputs to the guard heaters were adjusted until
no temperature gradient existed in the axial direction. When thermal
equilibrium existed all temperatures and power inputs were recorded.
Thermal equilibrium was assumed to exist when the temperature charge at

all thermocouples was less than one half degree per hour.
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At this time, the power input to the main heater was changed to a
high selected value and the inputs to the guard heaters were changed
until no axial temperature gradient existed. Sufficient time was
allowed for the test section to reach a new thermal equilibrium state.
At this new thermal equilibrium state, all temperatures and power in-
puts were recorded. This‘process‘was continued until the selected
range of power inputs to the main heater had been covered., After com-
pleting these tests, the flow of liquid nitrogen was stopped and suffi-
cient time was alloﬁed for the test section to refurn to ambient
temperature. The test section was again protected from temperature
extremes by controlling the power iﬁput to ;he heater, With the test
section at ambient temperature, the gas pressure and temperature were
checked to ensure that a constant density of gas was present during
testing. The chamber pressure was apbroximately 1 x 10"5 torr.

At this point, the gas density was changed to a new selected value
and the above procedure was repeated until the desired range of densi-
ties were covered. During one set of tests, the annulus between the
concentric cylinders was exposed to chamber pressure. This was neces-
sary in order to check the validity of the model used to predict the
radiant exchange between the concentric cylinders.

Before performing tests on a geometrically similar model, the
density of the air in the modelbhad to be determined so that the con-
vective heat tfansfer would be modeled. This was done by using the
convective film coefficient correlation and the modeling criteria pre-
sented in Table V. The convective film coefficient correlatiom was
détermined from tests performed on the prototype (See Chapter VII).

The resulting correlation is
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~.0158/di
Nu = (0,354 + 0,245 éVdi)(Gr)0°251e /it (6-1)

Equation (6~1) was applied to the model and the prototype and the fol-
lowing equation was obtained

0,25
m (6-2)

|

For Technique I of the modeling criteria listed in Table V, Equation

(6~2) reduces to

* ¥

¢
D 1
—m = ﬂ, \u&‘ s —; = 09707 P (6‘”3)
op  YATEF K

and for the Zero Surroundings Technique with comstant thermal proper-

ties within the solid components, Equation (6-~3) reduces to

2
: dog
fm o a.sas Ml (6-4)

In order to check the validity of Technique I of the modeling
criteria, the density of the air in the model was scaled according to
Equation (6<3). During testing of the model, the power input to the

main heater was scaled according to

. (6=5)
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The same procedure was followed in tésting the model as was followed
in testing the prototype,

Tests were #lso conducted on each model»iﬁ order to verify the
Zero Surroundings Technique, The density of the air in the model was
scaled according to Equation (6-45‘and the power input to the main

heater was scaled according to

% % '2_
q = (e ,)3. (6=6)

Equations (6-5) and (6=6) were developed in Chapter III,



CHAPTER VII

RESULTS OF EXPFRIMENTAT INVESTIGATION

The experimental investigation was conducted using the facility
described in Chapter VI, This investigation included steady-state
ﬁesting of the concentric cylinder test sections described in Chapter
V. The steady-state investigation included testing of three proto-
types and three one-half scale models located in the horizontal posi-
tion and one prototype and one model located in the vertical position.

Each test section was tested in accordance with the procedure described

in Chapter VI,
The results of the tests performed without air in the annulus
were used to check the validity of the thermal modeling criteria for
a radiation=-conduction coupled heat transfer problem. These results
were also used to check the validity of the mathematical model used
to predict the radiantvexchange between the concentric cylinders,
Tests were also performed with air in the annulus of each test section,
These results were used to check the validity of the modeling criteria
for a radiation-conduction-convection coupled heat transfer problem,
Tests were performed on the prototypes and models in accordance

with the parameters listed in Table XII, The values of the parameters

% %
T and q were obtained from the modeling criteria listed in Table VI
for a scaling factor of one-half., The density ratio, for a given

test, was obtained from the modeling criteria and the free-conveetion
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TABLE XII

TECHNIQUE I

Horizontal Annuli

Vertical Amnuli

Horizontal Anmnuli

ZERO SURROUNDINGS TECHNIQUE

Vertical Annuli

TEST SECTION TEST NO, q  T¥ 3* ¢« ,e* & g* &t o

1M 1 0.25 1.0 0,707 0,25 1,0- 0.707  0.63 1,26 0.098  0.63 1.26 0.098
1M 2 0.25 1.0 0,707 0,25 1.0 0,707  0.63 1,26 0.25 0.63 1.26 0,26
1M 3 0.25 1.0 (Vac.)  0.25 1.0 (Vac,)  0.63 1.26 (Vac.) 0.63 1.26 (Vac.)
2 M 1 0.25 1.0 0,707 0.63 1.26 0.098

2 M 2 0.25 1.0 0,707 0.63 1.26 0.257

2 M 3 0.25 1,0 (Vac.) 0.63 1.26 (Vac.)

3 M 1 0.25 1,0 0,707 0.63 1.26 0.101

3 M 2 0.25 1,0 0,707 0.63 1.26 0,254

3N 3 0.25 1.0 (Vac.) 0.63 1.26 (Vac.)

971
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heat-transfer coefficient,
Free-~Convection Heat-Transfer Coefficients

During testing, the test sections were located in two different
positions (horizontal and‘vertical). Therefore, two different free-
convection heat-transfer coefficients were necessary in order to pre-
dict the amount of energy convécted across the annulus, These coeffi-
cients wefe obtained from steady-state tests performed on the proto-
types. The procedure used to obtain these coefficients is presented
in the following sectioﬁs. Only the power input to the main heater

was used in obtaining these coefficients,

Correlation of Data for Free-Convection Heat-Transfer Between
Horizontal Concentric Cylinders

During testing with air in‘the annulus, energy was transferred
between the concentric cylinders by radiation and convection, The
power input to the main heater was equal to the total energy trans-
ferred across the annulus over a known length of the cylinders, This

input was related to the exchange between the cylinders by
(7-1)

where q and qc are the heat tran#fers across the annulus by radiation

and convection, reSpectively; These two modes of heat transfer had to

be separated in order to obtain the desired convection correlation,
The net radiant exchange between the concentric cylinderé was

calculated by
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A, o (T 4 T 4)
g = — (7-2)
1) +-2)+1
A
€ 5

Tests performed on the prototype, without air in the annulus, were used
to check the validity of Equation (7-2). The‘input to the main heater
and the corresponding value predicted by Equation (7-2), for several
tests, are shown in Table XIII. The maximum difference between the

predicted and measured radiant exchanges was less than 5,0 per cent.

TABLE XIII
MEASURED AND PREDICTED RADIANT EXCHANGE
BETWEEN THE CONCENTRIC CYLINDERS OF

EACH TEST SECTION

Test Section No, Per Cent -Error Input to Main Heater Calculated
From Eq, (7-2)

Horizontal Test Section

1p -3.94 48.78 50,70
1p ~4,68 23,36 24,45
2p -4,93 48,50 50.89
2p | -3,23 23,52 24,28
3p '1, -1.395 48.75 49,43
3p -1.362 23,45 23,77

Vertical Test Section

1p =~3,04 . 46,40 47,81

1p -3.97 22,40 23.29
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The energy transferred across the annulus by convection was ob-

tained from Equation (7-1) and the film coefficient was obtained from
q. = h AAT, (7-3)

The desired correlation was obtained by using the method of least

squares to obtain the constants n, m, and ¢ in the following equationg
S |
m n'di
Nu = c (Gr) e ' (7-4)

Details of the curve fit are given in Appendix E and the resulting

correlation for the test sections located in the horizontal position

is

‘ | 0.251 ..01587d, |
Nu = (0,354 + 0,2458/d;)(Gz) = e * o, (7-5)

Equation (7-5) is shown in Figure 46. As a matter of comparison, a
correlation from the literature is shown in this figure,

i t JFree~Conyectio eat~Transfer between

tic ¢ entril inders

The energy convected across the annulus, as a result of input to
the main heater, was necessary in order to obtain the desired convec~

tion heat-transfer correlation, Thls was obtained from

q=gq,+q +q, (7-6)
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where Gy is the energy conducted across the annulus through the Lexan
convection shields. The amount of energy transferred across the

annulus through these shields was estimated by

AT
q = 2rk L - (7-7)

In _©

r,
i

The net radiant exchange was obtained from

A
. - 429 (1 - 15)
t 1 A,
(;‘"i>* <} + e ) + 1
Eiz 5

Tests were performed on the prototype, without air in the annulus, in

(7-8)

order to check the validity of Equation (7-8). The input to the main
heater and the corresponding value predicted by Equation (7-8) are shown
in Table XIII. The corrected input to .the main heater was obtained by
subtracting the amount of energy conducted across the annulus through
the convective shields from the input to the main heater. The maximum
difference between the predicted and measured radiant exchanges was
less than 4.0 per cent.

The convection heat transfer correlation was obtained in a manner
similar to that described in the preceding section. Details of estab-
lishing this correlation are given in Appendix F. The resulting

correlation is

0.2505

Nu = (.268)(Gr) (7-9)
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Results and Discussion

The results of the experimental investigation were presented’in
terms of the temperatures at corresponding points on the prototypes

- and one-half scale models for the steady-state studies.

Steady-State Investigation

The steady-staté investigation was performed with the test sec-
tions located in two different positions (horizontal and vertical),
Measurements of temperatures, power, and density were made in accord-
ance with the procedure described in Chapter VL, The results of the
investigation performed on the prototypes located in the horizontal
position are shown in Tables XIV, XV, and XVI, Also shown in these.
tables are the temperatufes predicted by the modeling ¢riteria from
tests performed on the models and the temperatures calculated by the
analytical analysis (using the Grigull and Hauf [3@ representation
for the convection correiation) described in Chapter IV,

The temperatufes predicted by Téchnique I and the Zero Surround-
ings Technique were in close agreement with those measured on the
prototypes. The maximum difference was less than 3 degrees,

Some difference existed between the measured and computed temper-
atures. In the analytical analysis, the convection heat~-transfer
correlation was obtained from the literature [36]. When the correla-
tion obtained in this investigation was used in the analytical analy-
sis, the computed temperatures were in closer agreement with the
measured temperatures, The maximum difference was less than 4 degrees

for either of the above correlations,



TABLE XIV

STEADY-STATE TEMPERATURES OBTAINED FROM TEST SECTION 1P LOCATED HORIZONTALLY

LOW ENERGY INPUT WIGH ENERGY INPUT
THERKO RAD | CONV | CONV TEMPERATURE - F - RAD. | CONV. | CONV TEMPERATURE _°F TEMPERA-
$L.\J,.:LEER »i Z?:,E:i Dlihjﬂ? rAAarER TR ATE %%%2_ MEASUREDIPREDICTED(PREDICTED | (6T); (‘411) Y| 0T (—ATL)% M;gféls P::i: Df;s:: .nﬁ’f ANTER :c%;r:%_ vEASURED|PREDICTED fPREDICTED| (6T tan, ATURE
BTU/NR | BTU/MR | T TECH. T [ZERO TECH. R BIU/HR | BTU/MR | E T | TECH. 3 |ZERC TECH op

! 51285 142034 a8 78 }-239 }os5u 083 -0 42014 : . s0p.80 | 503,67 | 502.86 { -2.87 ]-0.573 | -2.06 | -0.4213] 503.66

z 418,00 lu20.19 w86 l-2.39 |-os24 J0.86 | -0.2057 | 420,14 sor.4 | 503.72 | 502.93 | -2.23 |-0.446 | -1.44 | -0.2871] 303.66

3 418,05 |420.07 j418.7¢ }-2.02 |-0.483 l-0.66 -0.3578 |420.14 I 500.69 | 503.63 | 50279 | -2.94 J-o.587 } -2.10 | -0.419 | 503,66

e 563,37 _|560.15 | 560.0 3.22 lesn |33 0.598 |566.15 15.75 | 67267 672721 3.08 | 0.4538 | 3.00 | 0.4484) 672.67

5 563.00 [560.21 }$60.10 | 2.79 [0.4955 |2.90 0.515 |560.15 b i . ) T | 584 | s72.63 | ev2.86; 3,21 | ouzas | 318 | o.az0s| er2.67
6 1| 23.36 |o.0000 | 23.36 |o0.0000 {0.0000 | 563.74 [s60.49 {se0.16 | 3.25 |o.s76 [2.58 0,457 [560.15 | 48.78 o.oooo_; .78 . jm_‘sv_zj}__ﬂmsl 3.19 | 0.4718 | 3.32 | o0.491 | 672,67

T 563.50 [s60.43 156020 | 3.07 |o.5u8 |3.40 0.6033 | 560.15 L 76,20 | 67259 | 1267 | 3.6 | 05338 | 3.53 | o522 | e72.67

8 417,78 |620.31 |a18.87 |-2.53 Fo.cos6 109  |-0.2609 |420.26 499.43 | 503.87 502.97: -4.38 |-0.8768 | -3.48 | -0.697 | 303.66

9 563.60 [560,63. |560,20 | 2.97 |0.527 {3.40 0.6032 | 560.15. b _1 . _ ] ere.20 | enz.81] 672712 | 3.39 | o0z | 3.43 | o.s072] erz.67

10 563.40 {560,510 {se0.16 | 2.89 lo.s13 3.4 0.575 ]560,15 b 1590 | 67269 | 672.63 | 3.1 | ouars | 3.27 | o.us3sl enaer
" : 417.96. 142029 |418.77 {-2.33 Fo.s575 fo.;1  {-0.1937 |420.34 ; i 501,01 soz.alt 502,96 | <280, |-0.5568 | -1.93 | -0.3852] s563.66 L
LINER ) 160.19  [160.07 |160.11 160.00 ; 160,20 | ze0.1 | 159.96 _160.00

! 418.85 162050 |419.34_ }-1.65 10.3939 +0.29  1-0.0692 |420.49 ) L b sozeez | S03.85 _1-0.3645_ | -1.03 | -0.2051] 503.85

2 418.73 la20.53  l419.06  {-1.80 Fo.4298 }0.33  |-0.0788 |420.49 i 501.84 | 503.82 -0.39%¢ | -1,26 | -0.251 | so3.es

2 418.92 J420.58 J419.21 }-1.66 lo.3sez po.29  |-v.0652 {420.48 ! 502,50 | so3.89 | s02.99 ] -1.39 |-0.277 | -0.49 | -0.0975| 503.85

q s12.67 w50 |s1nse |-163 Lo Lo |-o.o384 |s10.00 i B 63126 | 63285 | o342 [ -1.59 1-0.232 | -116 | -0.28) 6236

s 512,03 j514.53 |513.55 |-2.50 }0.4882 [1.52  }-0,2968 | 510,00 . 630.00 | 632.87 | 632.31 0,455 | 2.3 | -0.3666| 628.30

5 2| 2344 loozer {333 1007 L oso lsaien Isiase lsiaes |-2.65 bosies b1 7s  |-0 338 |sio.on | 48.85 | 0.0263 | 33.18 ! 15.67 | 0.57 | 631.52 | 632.59 |- 632.50} -1,07 |-0.169 | -0.98 | -0.1551] 628.36

’ 513.02 516.63 _|513.58  |-1.61 }o0.3138 | 56 |-0.109 |s10.00 632,00 | 63271 | 632.38 | ~0.71 |-0.1123 | -0.38 | -0.0601] 626.36

8 418,36 20,72 [a19.25  |-2.38 =o.ses0 |o.o1  }-0.2175 }420.40 502,31 | 504,30 | 503.17 | -1.79 {-0,356 " | -0.86 | -0.1712| 503.85

9 512,61 Isie.68  |s13.68  |-2.07 bo.40is k1.07 - l-0.2087 |10 A | emas | 63263 | 632,56 | -0.53 {-0.0838 | ~0.46 | -0.0727| ¢28.36

0 s1.02 Isie.72 Isis.er -0.68 bo.132 Loy  1-o.0797 |510.00 o 631,90 | 631,81 | 632.64| 0.09 | 0.0142 | -0.54 | -0.085 { 628.36

N 418.39 120.63 |419.17 |-2.24 }o.5354 }o.78  |-0.1864 {420.49 | so2.26 | 303,99 | s03.14 | -2.79 |-0.356 | -0.04 | -c18m1| soz.ss
LINER 16030 160.09 _|159.98 160,00 - | 160.10 | 160.05 | 160.15 160.00

! 418.36 laz0.36  lais,00 |-2,00 boass 420 35, s01.74 | 503.74 | 50294 -2,00 |-0.3986 | -1.20 | -0.239 , s03.74

2 418.00 [i20.38  ls15.09 J-2.38  lo.sews 420,36 502,00 | 503.78 | 503.02 | -1.78 {-0.354 | -1.02 | -0.2032| s503.74

3 417.82 142037 |418.97 |-2.55 F0.610 420,36 s01.50 | 503.72'| 502.87 | -2.22 }-0,442 | -1.37 | -0.2732] s03.74

4 476.87_ [479.37 la77.75 {-2.50 lo.s24 lo.ss _ 1-0.1845 {473.87 614,25 | 615.75 | 615.65 | -1.50 |-0.2442 | -1.40 | -0.2279] 610.75

5 476.20 7535 lar7.73 [-3.1s bo.ser b1z -0.3213 emiey i 614.03 | 615.78 | e15.62 | -1.75 l-0.285 | ~1.58 | -0.2589] 610.75

s 3| 23.41 Jo.0m35 | 10.56 | 12.85 | 0.77 |476.38 fe13.52 l477.86  {-3.24 lo.es9 b1.a8  [-0.3206 [473.87 | .81 o.0740 | 27.50 _613.95 | 615.81 | 615,76 | ~1.86 |-0.303 | -1.81 | 0.2948] 30,75

7 477.20 W99 177,76 1-2.39  bo.soos bo.se |-0.1173 |473.87 613.90 | 615.79 | 615.72 | -1.89 |-0.3078 | ~1.82 | -0.2064] 61075

8 21790 koo.s3- ls19.33  [-2,61 }oe2s f1.23 |-0.2063 [420.36 : | 501.06 | 50386 i 503.03 | -2.80 |-0.5585 | -1.97 | -0.393 | 303.74

3 478.10 479,53 147752 '}-1.43 }o.2981 '0.18 0.0376 }473.87 - i . 614.54 | 615.59 | 615.75 | -1.05 |-0,2708 | -1.21 | -0.197 | 610,75

10 476.92 _©79.42  Ja77.86  |-2.50 bo.5243 fo.ss  |-0.1970 |a73.87 L | ew.gs ! e15.63: 615.63 | -0.88 }-0.1431 | ~0.88 | -0.143 | 610,75

" 418.62 k2028  J419.09 |-1.86 to.aus3 bo.a7  |-0,1223 {22036 503,00 | 503,89 | 502.89 | -0.89_|-0.1769 | o.1i | o.0218] s503.74
LINER 159.90 lhs0.11 {16017 - 1160.00 T 159.90 160.13_1 160.12 160,00

Eel



TABLE XV

STEADY-STATE TEMPERATURES OBTAINED FROM TEST SECTION 2P LOCATED HORIZONTALLY

LOW ENERGY tNPUT HIGH ENERGY INPUT
wome frest POWER ‘[DENSITY RSk TEMCERAIORE T L poWER |oENsITY| HEAT | HEAT | AILM S A AT ATY,, [TEMPERA-
MUMBER] NO. | grunen | 1a s [TRENSF TRICOEFF. easuReppREDCTEDPREDICTED | 1871 Ty, Nl rppa T ot e IMEasUREDIPREDICTED [PREDICTED] (AT (’T‘);’- tn, (—T—;z. JTRE
BU/KR | BTurnR | TR TECH. T [2ER07ECH 8TU/HR | BTU/HR | BTU/HR TECH. 1 JZEROTECH oy
' 219,02 | 420,86 | 419.49 | -1.82 }-0.4343 | -0.47  |-6.112 | 420.84 499.25 | 502.95 | 3502.15 | -3.70 }-0.741 | -2.50 | -b.sses] so2.95
2 418,61 |420.90 | 419,52 | -z.29 |-0.547 | -0.9% }-0.7173 | a20.84 498.20 | 502.65 | so02.10 | -a.65 [-0.933 |-3.90 [-0.783 | soz.95
3 418,02 |420.80 }439.46 | -2.78 }-0.665 | -1.48 |-0.34ks | 420.84 497.84 | 503,05 | 502,20 | -5.21 [-1.046 [ -4.36 |-0.8758] 502,95
hd 532,37 } 535,85} 335,37 3.52 {0,288 | 2,00 [+0.372 | 535.85 64425 | 64195 | 641,05 | 2.30 | 0.357 3.20 .| 0.4967 ] 641.46
S 537,46 }535.79 | 535.35 367 joaner | 231 | 0.392 | s3s.85 64410 | 641,89 | e0.87 | 2.2 [o.363 | 3.23 0.301 | 641.40
6 3 | 23.52 §0.0000 {2352 | 0.000 | 0.000 | 53802 }335.98 | 535.42 2,06 {0,3792 | 2.60 | 0.4832 | 53585 | 48.50 | 0.0000 | 48.50 | 0.000 | 0.000 | 644.49 | 642.05 | 641.35 | 2,44 | 0,378 3,14 0.457 | 64146
7 5 538.21 535,86 | 535.40 2.35 | 0.436 | 2,81 | 0.5221 | 535.85 ) 644,38 | 641,91 | 661.32-| 2.47 | o0.383 3,06 | o.ams | e4l4o
8 (619,34 [420.96 | 419.55 -1.62 |-0.3863 ' -0.21 |- .050 | 420.84 499,73 | 503,30 | 502,27 §-3:37 {-0.674 | -2.54 {-0.5033{ 502.95
9 538.09 }535.99 | 53547 2.10 | 0,39026] 2,62 0.4869 | 535.85 644,51 | 642,99 | 641.22 | 1.52 {0.2358 | 3.29 9.5105 | 641,46
o s38.41 |536.02 | 535.43 2.39 § o.46608] 2.98 0.5534 { 535.85 64460 | 642,84 | 64119 | 1.76 | 0,27304] 3.41 0.525_| 661,46
L 419.510 {420.97 | 419.55 -1.46 |-0.348 | -0.06 |-0.0095 | 42084 500.03 | 503,06 | so2.15 | -3.03 |c0.6059 | -2.12 | -0.4239 | s02.95
LINER 159.80 | 160.11 | 160.01 16000 160.23 | 160.19 | 160.10 16000
' a0 1420.32 21896 | -2.22 |-0.5309 | -0.86 |-0.2056 | 420.32 s01.00 | 503.66 | 502,84 | -2.64 . |-0.5269 |-1.84 |-0.3672] son.6a
2 w3769 laz0c0 Varson | 2.7 |-oeuss | -1.26 {-0.2065 | az0.32. 500,93 | 503.60 | 50278 | -2.67 {-0.533 ! -1.85 |-0.3693{ 503.04
3 419,32 {42026 141899 | -0.92 |-0.219% | 0.33 {+0.078 | 420.32 500,23 | 503.68 | 502.89 | -3.45 l-o.ee7 |-2.66 [-0.5117 sercs
4 494,87 [497.32 } 49595 | -2.45 [-0.495 | -v0e }-0.218 | 492.62 606,75 | soeses | 60863 |-2.90 J-0.313 | -1.66 |-0.2735) evaes
S 494,83 1497.29 | 495.90 ~2.46 }-0.4971 | -1.07 }-0.2162 j 492.82 606,00 | 608.61 |. 608.33 | -2.61 {-0.4308 | -2.33 . | -0.3u4 V[:D‘A.'(:S
s 2 } 2340 boozer | 3350 | 981 | o450} 49510 149735 | 49605 | -2.25 [-0.4564 | -0.95 o.s18 ] 492,82 | 48,77 |o.02m9 | 3351 | 15.26 | 0.530_| eos.s2 | som.my | evm.az | -1.89 |-0.3114 |65 |-v.2mis| os,os
7 494,50 {497.21 | 436.04 | -2.71 {-0.548 156 | o314 [ w9282 606,20 | 608.60 | 608,40 ey 40 g 3059 | -z.20 | -0.3029] 60465
8 416,60 |420.50 | £19.06 | -1.50 [-0.4539 | -0.44 }-0.1051{ 420.32 | 500.63 | 503,23 | soz.0n | -3.30 l-o.102 | -2: |-0dera) sozen
s | 494,73 |497.41 | 496.51 -2.68 |-0.5417 | -2.06 |-0.a204 | 492.87 I 606,51 | 608.73 | 608.52 | ~1.82 [-0,2998 | -1.61 | ~0.2653] 604.63
o] 493.81 | 497.43 | 496,72 -3.62 -0.733 | -2, |-o.s89 | as2.82 | 605,93 | 608.66 | 608.43 | -2.71 |-0.4472 |-2.50 |-0.6126 | 6na 65
v 418.20 |s20.47 |#19.30 | -2.27 |-0.5028 | ~0.90 |-o.za52 | s20.30 ! 500,36 | 503,78 | 502,93 | -3.43 j-o.ees | -2.57 [-0.5336 | s03.66
UNER 161.85 160.07 160.05 160.00 159,34 160,02 15996 166,60 .
: 417.90 | 419.88 | 415.52 -1.98 |-0.4738 | -0.62 | -0.1s | 419.88 502,50 | 504,23 | 50343 -1 0,304 | -g93 |-
2 517,60 {419,860 | &le.a6 | -2.20 |-0.5268 | -0.56 | -0.2059] 415.88 502.20 | 504,30 | 503.36 | -2.20 <126 1-0.2509 | 504.23
3 418.70 | 419.96 | 416,57 '} -1.26 |-0.3009 | -0.13 | -0.031 | &19.88 50196 | 504,16 | 503.49 | -2.20° J-0.438 {-1.53 |-0.3048 | 504,23
a. 481.87 {453.88 | 482.m1 | -2.01 |-0.417 | -0.94 }-0.195 | 418.88 592.76 | 594.23 | 593.92 |-1.47 l-0.2479 }-1.16 }-0.1958 | se1.24
S 253.00 |483.75 | 482.75 -0.75 {-0.1553 | -0.25 0,052 | 478.88 592.00 | 594.19 | 593.86 | ~2.19 }-0.3699 [ -1.86 |-0.314 | s91.24
6 3 | 2330 }o.omar | 10.82 | 12.48 } 0690 | 462.11 j4&ss.01 | 45286 -1.90 [-0.3% | -D.75 |-0.1555] 476.88 4900 | 0.073¢ | 27.58 | 21.42 | 0.840.f 592.81 | sou.s) | .593.99 | ~1.60 1-0.2699 [-1.18 |-0.199 | s91.26
7 452.36 | 454.05 | 482.52 -1.69 {-0.3504 | 0,46 |-0.0953| 478.88 i ) o1 594,30 | 593,93 | -2.38 l-0402 .|-1.92 |-0.325 | so1,24
5 417.32 [ 420.03 | 415.63 ~2.71 {-0.649 | -1.31 | -0.3139) 419.85 s02.p3 | %6433} S03.58 §-1.50 {-0.298 | -0.75 1014911 s04.23
9 482.01 | 486,10 | 482.93 -2.09 |-0.4336 | -0.92 | -0.1509] 478.88 593.04 | 596.66 | 594.07 | -3.42 [-0.2394 | ~1.03 | -0.20n9 | 591.24
:’ 482,09 } 453.99 | 482.96 | -1.90 }-0.3%% | -0.87 | -0.1805} 478.88 592,60 | 596,37 | s93.82 {177 {-0.208 |-1.22 |-0.2056 | sen.28
. 417,92 {419.75 | 41667 | -1.86 }-0.465 | —0.75 | -0.17944 419.88 [ o354 ) =397 - 07905 ]
LINER 159.86 | 159.98 | 160.23 ' 160.00 159.81 x:j:: 160,11 ey 160,00

ve1



STEADY-STATE TEMPERATURES

OBTAINED FROM TEST SECTION

TABLE XVI

3P LOCATED HORIZONTALLY

LOW ENERGY INPUT HIGH ENERGY INPUT
s =
TcHOE;tg TEST | poweR |DENSITY R SN | B TEVERAURE = T aTY,, (AT o, [TEWERA ] cowER DENSITY SeR LRI B | TEMERATURE “T 6T o, [FEMPERA-
numBer| NO | srums | et NSFER|TRANSFER) g?uE/:FR- MEASUREDPREDICTED |PREDICTED] 4T}y - ( )x Ik —T-)z/" AJAULRYESIS sT/HR | LBAFTS bkl Dividerha %Efm EASUREDPREDCTED |PREDICTED | (AT ik (T )z " A;{JXSIESIS
sru/mk | Brurwe | ETGHT TECH.1 {ZERO TECH) o, BTWHR | BTWHR | 12 ef TECH.I {ZERO TECH o

! 418.40 | 42056 | 419,38 | ~2.14 | -0.511 | -0,78 | -0,1864] 420,54 so1.50 | s503.56 | s0z.79 | ~2.09 | -0.a162} -1.29 | -0.2572] 503.59
2 418.20 | 420.60 | 419.14 | -2.40 | -0.576 | -0.9% | -0.2247| 420.54 501.25 } 503.50 | 502,83 | -2,25 | -0.4488) -1.58 | -0,3152} 503,59
2 418,83 | 420,50 | 419,22 | -1,67 | -0,3987} -0,39 | -0.0931 42054 501,20 | s03.68 | S02.75 | -2.48_ | -0.495 | -1.55 | -0.3093) 503.59
¢ 603.37_| 602,54 | 602.52 | 0.83 0.1375{ 0.85 0,1407] 602,55 724,25 60 | 723,46 § 0,65 o,08071 o081 } o0.11184 723.10
5 603,48 | 602,60 | 607,47 | 0.88 o.3658) 1.00 | o0.3674] g02.55 724,21 | 723.49 | 723.46 | 0.72 0.099] ©0.75 | 0.1036] 723.10
N 1 { 23.45 | 0.0000 | 23,77 | 0.000 | 0.000 | 603.97 | 602.56 | 602.62 | 1.41 | 0.2335] 1.29 0.2136} - 602.55 | 4n 75 | 00000 | 49.43 | 0000 ]o0.000 | 724,61 | 723,80 | 723.56 | 0.81 cin7s} _1.05 | ©.1449] 723.10
7 604,10 | 602.65 | 602.55 | 1.45 0.260 { 1.55 0.2565| £02.55 723,99 | 723.7% | 723,50 | 40.25 0.0345 .25 | 0.0345] 723.10
€ 419.20 | 420.70 | 415.25 | -1.50 | -0.3578} -0.09 | -0.0214 420.54 <01 98 | s03.71 | s02.88 | ~1.73 | -o.34%6] -1,73 | -0.3666] 503.59
s 603.91 | 602.66 | 602.69 | 1.25 | 0.205 | 1.22 0.202 | . 602,55 32503 | 723,74 | 723,631 31.29 0,1779) 1,28 | ©,1779} 723.10
10 603,51 . | 602,71 | e02.60 | 0.80 | +0.1326} por | o.3sos| soz.s 726,68 | 723.65 | 723.58 | 1.03 0,421  1.03 | o.1421f 723.10
H 419.36 | 420.69 | 419.28 | -1.33 | -0.717 08 8.019 | 420.55 502.06 | 503.63 | 502,92 { -1.57 | -0.3127] -1.57 | -0.3127} 503.59
LINER 159.8 | 160.08 | 160.11 160.00 159.7 160.16 | 160.01 160,00
! 412,95 | 420,05 | s38.70 } 230 | -0.5025} -0.75 | -0.373 | 420.ns6 502,00 | 503.90 | 503,09 | -2.96 | -0.3785| -1.09 | -0.2271} 503.90
2 417,86 | 420,10 | 418,65 | -2.26 | -0,5409] -0.81 §-0.1%3 | 2006 s01.93 | 503,93 | s03,05 | -2,00 | -o.398s{ -i.12 | -0.2231} s03.u0
3 417,73 | 419,99 | 418,75 1-2.26 1 -0.541 ] -3,02 §-0.246 | 420.06 501.83 | 503.87 | 503,36 | -2,04 | -6.406 ] -1.31 | -0.2610} 503.90
4 536.37 | 539.06 | 537.7% | -2.69 | -0.5015] ~1.37 | -0.2554] 534.06 665,75 | 666.90 | 666,60 | -1.15 | 01727 | -0.85 | -012767] 664.90
> 536,20 | 539.12 | 537,69 | -2.92 | -0.54%5} -2.49 | -0.278 | s34.06 665.75 | 666.80 | 666,49 | -1.07. | -0.1607| -0.76 | -0.1x1q 664.90
6 2 23.34 | 0.0290 | 12.19 1115 | 0.660 | 537.10 | 538.97 | 537.87 | -1.87 | -0.348 { -0.77 | -0.143 | 536.06 | 58.87 jo.oz8¢ | 31.00 | 17.86 | 0.77 665.94 | 666.82 | 666595| -0.88 | -0.1321] -0.66 | -0.0991] e64.%0
’ 536.90 | 539,22 | 537.82 | -2.32 | -0.432 | -0.92 |-0.1713] 534.06 665.99 | 666.74 | 666.83 -0.1126] -0.84 | -0.1261} 664,90
8 418.20 | 42029 | 418,82 | -1,08 | -0.476 | -0.62 | -0.1482] 420.06 s02.06 | so4.01 | s03.26 | -1.95 | -0.3886] -1.20 | -0.239 | 503.90
hd 536.86 | 539.29 ! 537,90 | ~2.45 | -0.456 | -1.06 | -0.1975] 534.06 666.09 | 666.84 | 666,75 | -0.75 | -0.1126] -0.66 | -0. 004 664.90
e 535.98 | 539,31 | s37.86 {-3.33 | -0.621 | -1,88 | -0,3507| 534.06 666,02 | 666,71 { 666.75 | -0.69 | =0.104} -0.73 | -0.1096 664,90
e 418 10 420.20 438 8% =2.310 =0.502 =N 75 ={1.179% 420 D6 S02 Lh S04 10 503.20 =166 =0.3304} .76 =0.1513] 503,90
LInER 163,04 1 160,13 | 160,11 160,00 1606 16031 1 3603 160,00
! £17.50 | 419.84 | 418.47 | -2.34 | -0,5605] -0,97 |-0.2323! 419.£3 500.50 | 503.56 | 502,76 | -3.06 | -060B| -2.26 | -0.4475 503.34
2 417.35 | 419,79 | 418.53 |-2.44 | -0.585 | -1.18 |-0.283 | 419.83 500.40 | 503.60 | 502,70 | -3.20 | -0895] -2.30 | -0.459¢ 503.54
3 417,71 | 419,85 | 418,42 |-2.14 -0.5123} -0.71 | -0.1699] 419.53 500.63 | 503.49 | 502.78 | -2.86 05713 § -2.15 | -D.429 | 503.54
3 514.87 { 516,86 | 516,09 |-1.97 | -0.3826| -1.22 | -0.2369] 512.84 642.76 | 645.55 | 644.82] -2,79 | -0.434| -2.06 | -0.3208 640.55
5 514.81 | 516.89 | 516,04 | -2.08 | -0.404 | -1.23 | -0.2388] s12.84 652,83 | 645.61( 644,76 -2.78 | -0.4324 -1.93 | -0.3007 640.55
6 3 {2329 jo.o70 | 9.31 |13.98 |1l.010 | 515.03 | 517.03 | 516.17 |-2.00 ! -0.388 { -1.14 |-0.2213| 512.84 | 48.73 lo.o7se | 25.18 | 23.55 | 1.17 643.03 | 645.73 | 646.93] -2.70 | -0.4158 -1.90 | -0.2954 640.55
z ) 515.21 | 516.93 | 516,07 }-1.72 | -0.334 | -0.86 | -0.2669] 512.84 662,91 | 645.69 | 644.87) -2.78 | -0.432] -1.96] -0.3044 e40.55
8 418,31 ] 419.99 | 418,59 |-1.68 | -0.4016f -0,28 | -0,0669} 419.83 500.71 | s03.7z2) s02.87{ -3.01 | -o.em1| -2.16] -0.4314 503.54
515,02 ) 51710 | 516,20 |-2,08 | -0,4038 -1,18 r-o 229 | siz.84 642.51 | e45.80] esa 86 -3.29 | --0.512] -2.35| -0.3659 e40.55
10 515.23 | 517.03 | 516.26 |-1.80 | -0.3493{ -1.01 |-0.19609 512,84 642.42 | 645.51] 644.88| -3.09 | -0.4811 -2.46 | -0.3824 640.55
' 418,26 ] 420,03 | 418,56 \-1.77 | -04292} -0.32 |-0 0765} 439 83 500,43 | 503.65; 502.881 -3.26 | -0.6514 -2.45| -0.489% 503,54
LINER 160.50 | 159.86 | 160,11 160,00 160.5 160.18 | 160.08 160.00

Gel
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The results of the tests performed on the three one-half scale

models, located in the horizontal position, are shown in Tables XVII.

XVIII, and XIX, Also shown in these tables are the temperatures com-
puted from the thé@retical analysis.

For the tests performed on the prototypes without air in the
annulus, the measured, predicted, and calculated temperatures were in
close agfeement. The maximum difference was less than 3 degrees,

The results of the tests performed on the prototype located in
the vertical position are shown in Table XX, Also shown in this
table are the temperatures predicted by the modeling criteria from
the tests performed on the model. As can be seen in this table, the
predicted and measured temperatures were in close agreement, The
maximum difference was less than 4 degrees, This difference was
greater than the difference obtained with the test section located
in the horizontal position., The results of the tests performed on

the corresponding model aré-shown in Table XXI,



TABIE XVIT

STEADY -STATE TEMPERATURES OBTAINED FROM TEST SECTION 1M LOCATED HORIZONTALIY,

DATA USED TO

TEMPERATURE BY TECHNIQUE T

TO PREDICT PROTOTYPE

TEMPERATURE BY ZERQO SURROUNDINGS TECHNIQUE

PREDICT PROTOTYPE DATA USED
THERMO- LOW ENERGY INPUT HIGH ENERGY INPUT TOW _ENERGY INPUT HIGH ENERGY INPUT

coupLe [TEST{__POWER DENSITY RAD. | .CONV. | cONv. POWER DENSITY ] rap Conv. V. POWER DENSITY | map. | conv. | conv. POWER DENSITY | Rao. | conv. | conv.

NUMBER 0. JACTUAL| REQ ACTUA3L REO.3 HEAT HEAT._ S?Sf;R TEMP ACTUAL| REQ. ACTUA:I; REQ.3 TI;:!NASFER TR:I&ISA;ER B?S/Ebfg- TEMP ACT'UQL REQ. [ACTUAL{ REQ HEAT._ TR’:IEI@;ER ECT?J?:{;~ TE,MR [ACTUAL] REQ. ACTUA:!’_ REQ,?, TRHA%;TFER TR}-{;\’AS;ER é;TOUE/FHFR TExP.
BTU/HRIBTU/HRILB/FT ILB/FT 5TU/Z 1R | BTU/HR |12 -oF F BTU/HR| BTU/HRILB/F T 1 B/ FT STU/HR | BTU/HR | FT2 -F °F 8TWHR | BTU/HR|LE/FT 3 JLB/FT3 STU/HR| BIU/HR Fr2.oF F BTU/HR] BTU/HR|LB/FT (LB/FT 8TU/HR | BTW HR Fr2-of 3

! 420.14 503.6 527.67 633,61
2 420,19 503.72 527,77 633.70
3 420,07 503.63, 527.57 633,52
4 560,15 672.67 705.67 847.63
5 560.21 672,63 705.73 847.56
s 1 5,85 5.84 0. 000, OVM 5.86 0.000 0.000 560,49 [12.20 [12.195{0,000 | 0,000| 12,22 0,000 0,000 £72.91}1%,73 114,72 860 (0,000 14.84 0.000 0,000 765,81 130,80 | 30,73 10,000 {0,000 | 30,91 0,000 0.000 84° 1
v 560.43 672.59 705.73 ) 847.57
8 420.31 503.87 527.78 633,74
S 560.63 672.8 05.86 847,69
0 560.51 672.69 705,80 847.51
1 420.29 503.81 527.65 633,71
LINER 160.07 160.11 160.11 159.96
! 420.50 503.85 528.12 633.84
2 420,53 503.82 528,02 633.91
3 420,58 503.89 528.20 633.77
4 514,50 632.85 647.12 796.85
5 514.53 632,87 647.08 796.71
6 2 15,87 |s.861[ 00199'0,01%7] 3.378 | 2.500 0.500 }514.59 | 12.22| 12.21{0.205 | 0.020 | 8.353 3.910 | 0.570 {632.59{14.78 {14.77 | .098 | ,0974 | 8,50 [6.33 1,000 | 647,21 | 30.80(30.77 [ .0970| .0979| 21.05 | 9.88 1.14 796.95
7 514.63 632.71 647.11 796.80
8 420.72 504.10 528.26 634,00
514.68 632.63 §47.24 797.03
0 514.71 637.81 647.16 79687
t 420,62 503.99 528.16 633.96
LINER 160.09 160.05 159.98 160.15
! 420.36 03.74 527.95 633.71
2 420,38 0178 528,05 633.80
3 420,37 503,72 527,90 633.62
4 479.37 615.75 601.96 775.72
S 479.35 615.78 601.94 775.69
6 3 |s.86 [5.85 [0.0520,0,05196 1.88 [4.078 |1.30  |479.52 [12.21)12.20]0,0574,00523 6.91 530 [0.890 |615.81)14.77 |14.75 [0.250 {0.254 | 4.67 |10.23 | 2.60 |602.11 {30.76 {30.75 | .251 |.2563 | 17.48 | 13.44 | 1.78 |775.86
7 479,59 615,79 i 501,98 775,81
8 420,51 503.86 528.10 633.81
9 479,53 615.59 602,18 775.84
10 479,42 615,63 602,10 775.69
" 420,48 03.89 528,05 633.65
LINER 160.11 160.18 160,17 160.12

LET



TABIE XVIIT

STEADY -STATE TEMPERATURES OBTAINED FROM TEST SECTION 2M LOCATED HORIZONTA LIY.

DATA_USED TO PREDICT PROTOTYPE TEMPERATURE BY TEGHNIQUE I DATA_USED TO_PREDICT PROTOTYPE TEMPERATURE BY 7ERO SURROUNDINGS TECHNIQUE

THERMO OW_ENERGY INPUT. HIGH ENERGY INPUT LOW_ENERGY [NPUT HIGH ENERGY INPUT

coupLg [TEST} POWER DENSITY | gap | conv. | comv POWER DENSITY T map, | conv | cowv. POWER DENSITY | Rap. | CONV. ] CONV. POWER DENSITY | man [conv. | comv

numser] MO QEJ/MH: B;J%R ‘L‘;’:{“SL L:EFQ( HEAT Ll mEaT | coerr T?:P. !;gl;:; B:S/?—;R actua] REQ. | wear | wear | cOerr. | rewe [actuat] mea [acruarl REQ. L L\ TEh:P. scrunt| Req facuad ReQ U - L M.

BTU/HR | BTU/HR FTZ - °F LB/FTE (LT BTU/HR | BTUZHR | FT2-oF i T B/ET2IL8/FT BTU/HR | BTUZ/HR FT2> °F BT/ HR [ BTU/HRILE/FT | LB/FT BTU/HR | BTU/HR FT2-oF

! 420.84 502.95 528.56 632,71
2 420.90 502.85 528,60 632.65
3 420.80 503.05 528.52 632,77
4 535.85 641.95 674,57 807,72
5 535.79 641.89 674,54 807.43
6 1 }5.89 /5.88 o.oc |o.00 [5.90 {0.000 |o0.000 |535.98 |12.13 [12325[0.00 | o0.00 |12.225 |0.000 | 0.000 |642.05 |14.83 {14.82 Jo.ooe |0.000 | 14.90 {o0.000 | o0.000 | 674.63 | 30.56 | 30.55|0.000 [0.000 | 30.65 | 0.000 |0.000 |s0s.10
7 535.86 641,91 674.60 808.06.
8 420,96 503.10 528.63 32 86
2 535.99 642.99 674.69 _|s07.94
10 536,02 642,86 674 64 807,90
L 420.97 03,06 528.64 632,71

LINER 160.11 160.19 160,01 ' 160.10
t 420.32 1503, 64 527.89 633,58
2 420,40 50360 527.85 633.51
3 420,24 503,68 527,93 633.65
4 497.32 l608.65 624,90 766.50
S 497.29 608,61 624.84 766.50
6 2 | 5.86 |5.85 [0.015 jo.or98] 3.46 |2.46 0.45 [497.35 B08.71 {14,79 | 14.7410.098 100974 | 8.64 | 6.19 ! 0.90 |e25.03 |30.74 |30.72 | 0.097 Jopss | 22.28 | 9,62 | 1,02 |766.68
7 497.21 f12.20 |12.19 | .019 {0197 | 8.62 | 3.80 | o0is1 fos.e0 625,01 766,59
8 420.50 503,73 528,00 633,70
° 49741 508.73 625.98 766.73
1o 497,43 608, 64 625.87 766,62
H 420,47 l503. 79 528,06 633.69

LINER 160.07 160,02 160,08 159.96
! 419,88 l504,23 527.33 634.32
2 419,80 - 150430 527,26 634,24
3 419.96 504,16 : 527.40 634.40
4 433.88 1594.23 608,34 48,34
5 483,75 594.19 608,26 748.26
6 3 | s5.89 |s.e2so.0s2 Joszo| 2782 [3.131 | o.69 lass.or |12.26] 12.25| psis|oms | 6.935 | s5.36 |o0.84  boa.s1 14.71 | w.67)0,257 bazsss | .89 | 7.93 | 1.38 |e08.41 | 30.90] 30.87] 0253 lazs2| 17.52 |13.58 | 1.6 |748.43
’ 484,05 595,39 608.35 748,35
8 420.03 bos.33 527,48 634,51
9 484.10 bos.46 608,49 748.53
10 483.99 b94.37 608,53 748.22
" 419,78 b04.36 527,53 635.46

LINER 159,98 160,12 160.23 160.11

8eT



TABIE XIX

STEADY-STATE TEMPERATURES OBTAINED TROM TEST SECTION 3M LOCATED HORIZONTALLY.

DATA_USED TO PREDICT PRQTOTYPE TEMPERATURE BY TECHNIQUE I

DATA USED 7O PREDICT

PROTOTYPE TEMPERATURE BY ZERQ SURROUNDINGS TECHNIQUE

THERMOJ LOW_ENERGY INPUT HIGH ENERGY INPUT [OW _ENERGY INPUT HIGH _ENERGY INPUT)
COUPLE TEJZT ACTEAOL izo'o AC'IF)UE\:.\I S]RTE‘&;'D Sé"% E’g% éé’?!;_ TEMP. ACTTJE\)L FEQEF:)'D Ac,TDUEAll\l.'SIRE;'D SQET E‘%’:¥ CC?SF\/? TEMF: ACTSOW?: ' T[Li? S;:;‘o *?;'3 E‘(E)’:}f/ CCOOENFY’.- TEMP ACTS/(:L iio'o ACT?Ji:’ S:E—(YJ'D :é‘?f g%l:¥ 50%’}\? TEMP.
NUMBER| ™ |/ [stume e/ e T Juasrr3 L%TS:ERR Tgfgfﬁ ’::_lé’"’:i' °F | gTuke] BTUmR|Le/FT3 LBsrT 3 T:f;"/s:ERR Tgfgf:i: ngﬁzr o b il fﬁ/FTB L8/FT3 TsRTA(T/SFHERR Tgﬁg/s:i" E;ruz/ff; oF  laTuyuR | BTWHRLE/FT3 e/ T3] TB“;‘L':/;;“ gl E:g/{‘:; °F
! 420.54 503,59 528.17 633.52
e 420,60 503,50 528.12 633,57
3 42050 503,68 528,22 §33.47
4 602.54 723.60 759.18 911.53
5 602,60 723,49 759,11 911,56
6 1 |5.87 [5.8620.000 0,000 5.863 [0,000 | 0.000 |602.50 |12.20 {12,190.,00 | 0.00 | 12.24 |0.000 | 0,000 |723.80 (14,75 {14.77 |0.00 | 0.00 [14.835 {0.000 | 0.000 |'759.31 {30.72 [30.710.00 {0.00 | 30.87 |0.000 | 0.000 | 911.69
7 £02,65 723.74 759.22 911.61
8 420,70 503,71 52831 633.63
9 602.66 723,74 759.38 911.78
o 602,71 723,65 759.28 R
i 42069 503.63 528,29 633.68
LINER 160.08 160.16 160.11 160,01
! 420,05 503.90 527.56 633.90
2 420.10 503.93 527.50 633,84
3 419.99 503,87 527.63 633,96
4 539,06 666.90 677.56 839.92
S 539.12 666.20 677,49 839,78
6 2 | 5.84|5.835 |.0204 |.0205| 3.11 | 2,78 |0.66 |538.97 |12.23 |12,22 [00200]0.02009 7.78 | 4.45 | 0,77 {666.82 |14.71 |14.70 p.1010 b.1005 | 7,77 | 7,02 | 1.32 |677.72 {30.80 {30.79 boom lopss3| 19.61 | 11,25 | 1,54 [ 839.91
7 539.22 666, 74 677,65 e40.21
8 420,19 504,01 527,71 634,11
9 539.29 666.84 677.75 840,11
0 539.31 666.71 677,71 840.10
i 420.20 504,10 527.75 634.03
LINER 160,13 160,11 160,11 160.13
! 419,84 503,54 527,28 633,45
Tz 419,79 503. 60 527.35 633,40
3 419.85 503.49 527.21 633,51
4 516,84 645.55 650,28 812,47
5 516.89 645, 61 650.21 812.40
5 3| 5.83|5.822 |.052 10523 | 2.35 | 3.47 |1.01 |517.03 |12.19 12.18 p.0529/0.055 | 6.38 | 5.89 | 1.17 les5.73 {1470 J1e.67 [azse [ozser| 5,92 | .81 [2,02 |650.38 {3071 {30,70 p.25sp lp2597] 16,02 |14.85 | 2,34 | s12.61
7 516.93 645,69 650,25 812.54
& 419.99 [503.72 527.42 633,62
° 517.10 645.80 650.41 812,53
0 517.03 645,51 650,46 812.55
I 420.03 503,69 527.41 633,63
LINER 159.86 160.18 160.11 160.08

6¢T



TABLE XX

STEADY-STATE TEMPERATURES OBTAINED FROM TEST SECTION 1P LOCATED VERTICALLY

LOW ENERGY INPUT HIG!L_E_NE_RGY INPUT
THERMO- RAD | CONV. | CONV TEMPERATURE - °F — RAD | CONV. | CONV TEMPERATURE - °F —
[ | i e e S 2 Lemofrncrabrer e | ()| e |0 [ rovn v Bl Y Kesmcbmcrfreneral o | @0 o | 402 [,
Bruae | etuse | TS TECH 1 TECH o Brune | stusmR | pyder TECH.1 TECH]
! 414.0 [415.85 | 414.45 | -1.85 |-0.4468 | -0.45 | -0.1087} s15.85 495.00 } 497.47 | 496.64 |-2.47 [-0.4%89)-1,66 1-03313] 497.47
2 41390 Js15.81 | 41469 | -1.91 |-0.4614 f-0.59 | A%.83 149736 | 49669 [-2.53 -0 131-1.8¢ J-0.37381 49747
3 a7 leases Jawar | -2n |-0.509]-0.63 498.70 1497.52 | 49660 |-2.81 |-o.568 ]-199 [-0382 | s9747
4 556,99 155486 } 554,24 233 1 oas2 | 2as 8.5132] 55436 66651 | 664.48 | 664.11 § 2,05 | 0,3043] 2,80 1 0360 [ 66k AR
5 556 83 1SS A% 55621 2.00. DASS. 2,62 0.4205} 554,36 666,43 | 664,51 66,0 1 292 1 p28k1) 2.4 DAGKE L 664 48
& 142240 | 00000 2240 | 0,000 | 0.000 ]| 556,61 |s55.00 | 554,31 1,64) § 0,253 { 2,20 0.3776) 536,36 ] 46.40 | 0.0000 | 465.40 } 0.000 | 0.000 | 666.21 166672 | 664,23 | 149 ! 02236] 190 {02972} eshhn
7 5%6.29 {3s4.% (55428 | 1.33 | o2mm| 2.2 03613} 554.36 666.12 166469 | 664.12 | 1.42 | o0.2131] 1,99 ! 02987 66h.48
] 415.00 |415.88 | 416.61 | -0.88 |-ozmz0s | 0.39 0.0939] 415.85 496,02 [497.81 | 496.71 |-1.79 - {-0.36087|- .69 {-0.231 | 497,47
9 .03 |ssa.o2 |sse.37 | -2m l-o.amese ] 2.6 0477 | 5538 666.05 |664.89 | 66436 | 1,36 | o.1716] 1.69 | 0.2537 | e6s.48
10 556.43 |554.67 | 554.33 176 | o316 | 2.30 0.377 | s54.36 666.10 |66k 41 | 66448 | 1,69 0.2537 | 1.66 0.2492 1 664,48
N 413,50 f415.93 | A58 | -2.43 §-0.5876 ) 208 o201 & 495.31 {497.63 [496.75 {-2.32 ]-0.4686 |-].4¢ §-0.2907 | 49747
LINER 5o {aseos |ae0g 160.0 160.11 1160.23 | 160.16 _ 160.00
! 424,49 1416.487 | 415.09 ~1.997 |-0.4828 }-0,.60 ~0,16h7) 416,49 496.10 m._”‘ 492,71 j-2.43 ~0.46098 ]-1 61 =0, 1245 | L3R S3
2 434.38 416,46 §425.36 | -2.06 {-0.4971}-0.78 -0.18821 416.49 495,92 496,59 1497.76 }-2.67 }-0 measf-1 -0.a7)
2 436,60 |a26.52 J415.0 | -1.92 1-0.463 |-0.40 | -0.0965] 416,49 495.86 |avs.51  [497.65 }-2.65 1-0.5346 {-1.79 }-0.361
4 506,5 {508,480 | 507,356 | -3,99 {-0,3928 {066 | -0 621,30 1623,535 | 623,12 }-2,03 1-0.3266 }-1.62 1-0.2606 | 623,00
> 506,28 |508.471 | 507.22 | -2.39 |-0.4325 {-0.5 | -0.185] 5 621,42 {623.5¢ 623.08 |-2.35 }-0.3459 [-1.67 [-0,2687 | 623,04
€ 2 | 22.5 {o0.0285 | 12,64 9.90 o510 | 506.78 {soe.73 | 507.238 | -1.95 }-0.3845 |-0.46 -0.0907] 05,51 44.80 | 0.0281 | 30.86 { 15.94 | 0.600 | 621.21 [633.69 |623.18 [-2.48 [-0.3992 [-2.97 }-0.3171 [ 62).u4
7 506.9 jsoe.st |s07.32 | -1.52 {-0.2998 [-0.13 | -0, 0256) 62071 [623.11 |emi20 [3.00 04833 j-2.39  [0.385 | e2s.04
8 s15.00 Jeser Jarsay |1 |e3637i-007 | -0 496.30 498,62 jaor.m3 [2.32  J-o.467 j-1.52  |0.3062 | ave.53
e sopae lsoees lsozom o205 Yoszasl-nze | -oyssal ses. 62131 j623.73 |623.22 F2.42 4-0.38% |19 }o.30% |623.0¢
10 506,39 |s08.41 | 507,30 | -2.00 {-0.4028 |-0.73 -0.2461] 38551 621.00 l623.48 |623.14 2,48  |-0.3993 {-2.14 0,366 | 623,08
1 413,99 [416.65 415,20 <2.66 }-0.6425 [-1.21 ~0.292 } 416.4% 496.32 1498.67 497.85 |2.35 ~0.4735 1-1.53 [-0.3082 | 498.04
LINCR 159.87 {160.08 | 160.21 160,98 160.08 J160.11 | 160.08 160. 00
1 413,85 jars.98 ]413.99 | -1.55 ]-0.3745{-0.14 -0.0338] 415.40 495 50 1497737 | L2 26 bouss laar  bnose 1497 %
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CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

The ¢bjective of this investigation was twofold. First, similarity
parameters were developed te predict the thermal behavier of a prote-
type from observed model behavior for a radiation-conductien-convectien
coupled heat transfer problem. Second, an experimental investigation
was perfermed in order te check the validity of the similarity para-
meters. This ebjective was accomplished.

-. The energy equation served as the starting peint fer the develop-
ment of the similarity parameterse. qu sets of similarity parameters
were develeped. The first set, Technique I, utilized 5ca1ing so that
model and protetype temperatures were equal. The second set, Zereo
Surreundings Technique, required m@dei temperatures higher than prete-
type temperatures by an amount related.tw the geometric scaling fac-
tor.

An analytical investigation was performed in order to facilitate
the design of the test sectiens. This investigation peinted eut the
problems associated’with separating the energy transferred by radiatioen
frem that transferred by convection. The analytical investigatieon alse
aided in the selection of a methoed te predict the radiant exchange.

The experimental investigation was cenducted using concentric

cylinder test sections located in a space simulation chamber,

142



143

Conclusions

The results of the investigation pointed out that it is possible
to thermally model a radiation-conduction-convection coupled heat
transfer problem. The success of modeling this type of problem lies
in the empirical model used to predict the amount of energy trans-
ferred by convection. An accurate empirical model is necessary in
order to determine the density of the fluid in the model.

The set of similarity parameters developed under the assumptions
of Technique I were more accurate in predicting prototype temperatures
than those developed under the assumptions of the Zero Surroundings
Technique. This was as expected since the Zereo Surroundings Technique
places an additional constraint upon the thermal problem, This addi-
tional restraint was that of the surroundings being at a temperature
of absolute zero, The two sets of similarity parameters were verified
over a range of free convection from pseudo-conduction to fully devel-
oped laminar flow.

Both sets of similarity parameters were.very accurate.in.predict-
ing the steadyéstate temperatures on the horizontal prototypes. For
the vertical test section, the accuracy of predicting the steady-state
temperatures was less. This was due to inadequate models used to. pre-
dict the energy transferred by convection. Nevertheless, the accuracy
was close enough to validate the modeling criteria.

This investigation established the feasibility and accuracy of
thermal modeling on simple geometries having complex thermal behavior.
The models provided reliable forecasts of steady-state heat transfers

for a scale ratio of ome-half. The overall absolute temperature pre-
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diction accuracy was approximatély 3 per cent, The results provide
substantial evidence that model étudies can furnish reliable fore-
casts of fuil*scale thermal performance in the sPace‘envirénment.

The empirical correlation established in this investigation for
the convective film coefficient in horizoﬁtal annuli was in close
.agreement with the correlation presgnted by Grigull and Hauf. This
correlation deviated from other cofrelationé reﬁorted in the litera-
ture, Due to the success obtained in modeling the convection heat
transfer, iﬁ was concluded that the correlation reported by Grigull
and Hauf was accufate over thg convéctive regimes encountered in
this investigation,

In seafching the literature, no correlations of convective film
coefficients in vertical annuli were found, Thus, no comparison can
be made between existing corrélations and‘the correlation obtained in

this investigation,
Recommendations

Recommendations for future investigations in.the area of thermal
modeling includef

1, Testing the existing systems with various surface coatings,

2, Testing the existiﬁg systems in differént environments,

3. Transient testing of existing systems,

4, Testing of one~quarter and one-eight scale models,

5. Testing different geometric shapes for a radiation~conduction-

convection coupled heat transfer problem.
6. Developing and verifying similarity parameters for geometri-

cally distorted systems containing the three modes of heat
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transfer,

Investigating the feasibility of modeling systems containing.
a gas which participates in the radiant exchange,
Investigating modéiing of a ;adiation"conduction-convection

coupled heat transfer problem with nonuniform heat flux,



2.

3.

G

10.

11.

12.

BIBLIOGRAPHY

Langhaar, H. L. Dimensional Analysis and Theory of Models. John
Wiley and Sons, Inc., New York, 1951.

Kliné, S. J. Similitude and Approximation Theory. McGraw Hill
Book Company, Inc., New York, 1965. '

Ipsen, D. C. Units, Dimensions, and Dimensionless Numbers.
McGraw Hill Book Company, Inc., New York, 1960.

Wainwright, J. B., L. R. Kelly, and T. H. Keese. "Modeling
Criteria and Testing Techniques for the Simulation of Space
Environments.” Fourth Annual Symposium on Space Environment
Simulation, 1-14, May, 1963.

Hrycak, P. and B. A. Unger. "“General Criteria for Selar Simula-
tion and Model Testing." Proceedings 1964 Annual Technical
Meeting of the Institute of Environment Sciences, 257-263,
April 1964.

Jones, B. P, "Similitude Research in Space Vehicle Thermal Prob-
lems." Proceedings of Conference on Thermal Scale Modeling,
NASA/OART, 17-35, February 1964, '

Jones, B. P. "Thermal Similitude Studies." J., Spacecraft and
Rockets, 1, Nr. 4, 364-369, July - August 1964.

Chao, B, T. and G. L. Weedkind., "Similiarity Criteria for Thermal
Modeling of Spacecraft." Journal of Spacecraft and Rockets,
2, Nr. 2, 146-152, March - April 1965.

Rolling, R. E. "Results of Transient Thermal Modeling in a

Simulated Space Environment." ATAA Thermophysics Specialist
Conference, Monterey, GCalifornia, Paper Nr. 65-659, September
1965.

Rolling, R. E. "Thermal Modeling of a Truncated Cone in a Simu-
lated Space Environment.'" ATAA Space Simulation Conference,
Heuston, Texas, September 1966.

Adkins, D. L. "Thermal Modeling of Bodies with Transient Tempera-
ture Gradients." ATAA Thermophysics Specialist Conference,
Monterey, California, Paper Nr. 65-660, September 1965.

Young, R. L. and Shanklin, R. V. "Thermal Similarity Study of a
Typical Space Vehicle Element."™ Presented at the ATAA Aero-

146



13.

14.

15,

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

147

space Sciences Meeting, New York, New York, January 1966,

Shih, C. "Thermal Similitude of Manned Spacecraft." Presented at
The ATIAA Aerospace Sciences Meeting, New York, New York,
January 1966,

Miller, P. L. "Thermal Modeling in a Simulated Space Environ-
ment.” Ph.D. Dissertation at Oklahoma State University,
July 1966.

Matheny, J. D. "Thermal Design Studies.' Final Report, Contract
NAS8-5270, September 1965.

Kokorevy, D. T. "Experimental Methods Applied to the Determination
of Some Temperature Radiation Parameters." Int. J. Heat Mass
Transfer, 1, 23-27, 1960.

Kokorev, D. T. '"Method for Determining Size and Shape of Optical-
ly Black Emitting Systems.” Int. J. Heat Mass Transfer, 5,
981-983, 1962.

Clark, L. G. and K. A. Laband. "Orbital Station Temperature Con-
trol." Astronautics, 40-43, September 1962.

Katz, A. J. "Thermal Testing." Space/Aeronautics (Aerospace Test
Engineering - Part 2), 30-34, October 1962,

Vickers, J+ Me F. "Thermal Scale Modeling: Basic Considerations."
Jet Propulsion Laboratory Space Programs Summary IV, No. 37-
18, 80-85, December 1962.

Katzoff, S. "Similitude in Thermal Models of Spacecraft." NASA
TN-D-1631, April 1963.

Watkins, Je R. "Thermal Similitude Using Brand's Theorem." Pro-
ceedings of Conference on Thermal Scale Modeling, NASA/OART,
3-16, February 1964,

Vickers, J. M. F. "A Study of Thermal Modeling Techniques." Pro-
ceeding of Symposium on Aeroelastic and Dynamic Modeling
Technology, USAF RTD-TOR-63-4197 (Part I), 97-126, March
1964.

Vickers, J. M. F. "Thermal Scale Modeling." Astronautics and
Aeronautics, 34-39, May 1965.

Watkins, J. R. "Sets of Similarity Ratios for Thermal Modeling."
NASA TND- (1966). '

Fowle, A. A., F. Gabron, and Vickers, J. M. F. #Thermal Scale
Modeling of Spacecraft: An Experimental Investigation."
ATAA Space Simulation and Testing Conference, Pasadena,
California, November 1964,



27,

28.

29.

30.

31,

32.

33.

34,

35.

36.

37.

38.

39.

148

Gabren, F., R. W. Johnson, and J. M. F. Vickers. "Thermal Scale
Modeling of a Modified Prototype of the Mariner Mars 64
Spacecraft." AIAA Second Annual Meeting, San Francisco,
California, Paper Nr. 65-386, July 1965.

Gabron, F., R. W. Johnson, J. M. F. Vickers, and J. W. Lucas.,
"Thermal Scale Modeling of the Mariner IV Spacecraft.' AIAA
Third Aerospace Sciences Meeting, New York, New York, Paper
Nr. 66-23, January 1966,

Rhodes, C. A., and J. W. Lucas. '"Additional Tests on the Half-
Scale Thermal Model of the Mariner IV Spacecraft." Presented
at the AIAA Space Simulatien Conference; Houston, Texas,
September 1966.

Folkmann, N. R., F. L. Baldwin, and J. B. Wainwright. "Tests on
a Thermally Scaled Model Station in a Simulated Solar Environ-
ment.!' ATAA Thermophysics Specialist Conference, Monterey,
Califernia, Paper Nr. 65-658, September 1965.

Jones, B. P. and J. K. Harrison. "A Set of Experiments of Thermal
Similitude." NASA TMX-53346, October 1965.

Thompson, R. K., V. G. Klockzien, and G. E. Dufoe. ™"Analysis and
Tests of Full-Size and Scaled Spacecraft Models in a Simu-
lated Space Environment.'" Presented at the AIAA Space Simu-
lation Conference, Houston, Texas, September 1866,

Lﬁcks, G. Fy, and H, W, Deem. "Thermal Properties of Thirteen
Metals." American Society for Testing Materials Special
Tech. Publication 227, 1958.

Wiebelt, J. A. Engineering Radiation Heat Transfer. Holt,
Rinehart and Winsten, Inc., New York, 1966,

Leuenberger, H. and R. A. Person. "Compilation of Radiation Shape
Factors for Cylindrical Assemblies.® ASME Annual Meeting,
New York, New York, Paper Nr. 56-A-144, November 1956.

Grigull, U. and W. Hauf. "Natural Convection in Herizental
Cylindrical Annuli." Proceedings of the Third Internatioenal
Heat Transfer Conference, Chicago, Illinois, Paper Nr. 41-80-
Volume II, August 1966.

Lis, Je "Experimental Investigation of Natural Convectien Heat
Transfer in Simple and Obstructed Herizontal Annuli."™ Pro-
ceedings of the Third International Heat Transfer Ceonference,
Chicago, Illinois, August 1966.

Beckmann, W. '"Die Warmeuberﬁragung in zylindrischen Gasschichten
bei natwilicher Konvecktion." Forsch. a. d. Gebiete
Ingenieurswesen, Bd. 2, Heft 5, 1931. pp. 165-178,

Krausseld, H, "Warmeabgable ven zylindrischen Flussigkeitsschich-



40.

41,

42,

43.

44,

45,

46.

47.

149

ten bei naturlicher Kenvecktieon.'" Forsch. a. d. Gebiete
Ingeniewiswesen, Bd. 5, Heft 4, 1934, pp. 186-188.

Liu, C. Y., W. K. Mueller, and F. Landis. "Natural Convection
Heat Transfer in Long Horizoental Cylindrical Amnuli.”" In-
ternational Developments in Heat Transfer, Paper 117, ASME
1962, pp. 976-984.

Crawford, L. and R. Lemlich., '"Natural Cenvection in Horizontal
Concentric Cylindrical Annuli." I and E. C. Fundamentals,
Vol. 1, No. 4, November 1962, pp. 260-264.

Reid, R. C. and J. K. Sherwood. Properties of Gases and Liquids.,
McGraw Hill Gompany, Inc., 1950.

Jackeb, M. and Hawkins, G. A, Elements of Heat Transfer and
Insulation. John Wiley and Sons, Inc., New York, 1950,

Light, W., and D. G. Stechert. J. Phys. Chem. 48:23, 1944,

Oshima, K. and F. Tamaki. "The Space/Solar Simulaters of ISAS
Univ. Tokyo." Presented at the ATAA Space Simulatien Con-
ference, Houston, Texas, September 1966.

Schlichting, He Boundary Layer Theory, Fourth Editien. McGraw-
Hill Goe., Inc., 1960. .

Bishop, E. H. and C. T. Carley. "Photographic Studies of Natural
Convection Between Concentric Cylinders." Proceedings of the
Heat Transfer and Fluid Mechanics Institute, June 1966,

Kreith, F. Principles of Heat Transfer. International Textbook
Company, 1965.




APPENDIX A

DEVELOPMENT OF MODELING CRITERIA

150



151
DEVELOPMENT OF MODELING CRITERIA

Either of two principles, theory of similitude or dimensional
analysis, may be used to develop the modeling criteria. The develop-
ment of the criteria b& dimensional analysis is accomplished by writing
‘down all the pertinent variables and applying the principles of dimen-
sionless analysis. One disadvantage in using the dimensional analysis
approach is that it requires some insight into the problem and prefer-
ably the knowledge of at least one combination of dimensional groups
used in the modeling criteria. |

The similitude approach consists of writing the governing differ-
ential equation, which describes the thermal behavior of the model and
prototype, in dimensionless form. Since the governing differential
equation can be established, the similitude approach was selected for

developing the modeling criteria.
The Governing Differential Equation

Before applying the theory of similitude, the governing differen-
tial equation must be obtained. The general differential equation,
expressing the energy balance for the i th element of the test section,

can be expressed as:

T, s J N A,
p, V, C —==gq.,+ L Z a_.p._ A+ T k A
i i Py 38 i s=1 j=l sj "js s n= n n aLi-n
S : J J

4 ,
- E e oA T+ T A C(T,-T)+ I h o A(T,-T). (A1)
s=1 j=1 j=1
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This element may or may not include an exposed surface. In Equation
(A-1), Py Vi Cpi 3!1/39 is the rate of change in internal energy of
the element, € O As T14 is the rate at which energy is emitted from
surface s, 9y is the internal heat generation within the element,

A.n Cs(Ti-TJ) is the heat transfer by interfacial conductance between
the i and j elements along the path n, kn An Siffi is the heat trans-
fer by solid conduction to or from element i aldng the path n,

hs An(Ti-T ) is the heat transfer by convection between the i and j

3
element along the path n, and asj ¢js As is the heat transfer from
surface j which is absorbed at surface s of element i. Equation (A-1)
has been widely used to predict the temperatures of regions of

satellites and other space vehicles. This equation was used for estab-

lishing the modeling criteria.
Formulation of Modeling Criteria

If a geometrically similar, though different sized, model is con-
structed for the prototype, then it is possible to write the same rela-
tion for geometrically identical locations on the model and the proto-

type. Equation (A-1) written for the prototype and model is:

Prototype equation

vV ¢ T =
oo e, P _ 3 _ S
- py Vi€ —p =q¢ (¢ + Z I (o A)_ -
. i'i Py 36 P i p s=1 j=1 sj "js "s’p
P P
- N “np “mp p_p _ _ o,
asj ¢js Al + E s kn"Ah -l =+
p n=1 L 3L
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J J
j__z_: Anp csp 'rp A Cs(Ti-Tj)’p + j-—z-:1 'sp Anp Tp S n("ri-'rj) . -
S
o b)= = =4
- sgl esp o Asp\.“ Tp €, O As Ti ; ’ (A-2)
Model Equation
pve T | _ ¥ - o s J
(——E—) p; V. C —=» = q + Z Z (a_.db. A °
0 m| 1 i Py 36 - Iy L93dp 7 s=1 j=1 sj " js s’m
N k AT ar
- - n i-n
o, #.s Al + I ( ) Ak B —
sj "js sm L m|n n ELi-n
J - _ J
+ j=—z':1 (A G T) [An cs('ri-Tj)]m + 321 (gs A T [hs An(Ti-Tj)]m -
5 b, = = =4
- 551 (eg oA, T [€ oA T, 1. (A-3)

The only differences between the model and prototype equations
occur In the coefficients p V‘Cp T/G, q, asj ¢js As s etc. For point-
to-point similarity to exist between the model and the prototype, the
ratios of corresponding coefficients must be the same. Equating the

ratios of correpsonding coefficients the following identities were

obtained:
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pV CE T * * % % * ok k4
. =4q = aSJ ¢js Ay = €5 Ag -
]
k* Af T*
* * %
2 0 _=ACT =A h T ;
% n
L

j=1,2,3,|o¢,J
n=1’2’3’000’N »

S=1,2’3,000’S (A—l})

where the ratics of prqperties at similar points on the model and the
prototype is represented by a supe;script starred quantity (T*, V*,
etc.). Equations (A-4) are subject to the following restrictions:

1. Perfectvgeometrﬂ sﬁnilarity between the model and the
prototype.

2. The ratios of the properties (L*, P*, T*; étc.) must be con-
stants at all points in the model for all test comditions and
thermal levels.

The length, area and volume ratios have been retained in the

parametric equations. Thus, slight distortions in geometric scaling
may be permitted when it can be shown that they have little or nc

effect on the temperature fields which exist in the system.
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7040 COMPUTER PROGRAM FOR CONFIGURATION

FACTOR EVALUATION

The term "shape facﬁor," or its synonyms, "view factor," "config-
uration factor,” "form factor," "F factor," as related to radiant
ehergy transfer between two surfaces, is defined as the fraction of
the total radiation leaving one surface in all directions which is
intercepted by the other surface. The shape factor is a function of
the shapes and relative position of the two surfaces under considera-
tion. The above definition also covers the special case of the shape
factor of a surface itself.\

The configuration factors pfesented in Equations (4-18), (4-19),
(4—20), and (4-21) were developed in Reference [35]. These equations
were solved on the 7040 digital computer and the program which furnish-
ed the solution is listed in this appendix. 1In order to facilitate

programming, the equations were written in the following form.

. 2 2 2
- - 2 2
F21 = 81 - L {gost EL2 R°2+R12 — (EL2+RO%+RIZ) -(2RI-RO)" -
RO m EL 4RO -RI 2RI(EL) :
1 RT EL®-RO%4+RT> 2 2 .2 .. «1RI 22 2
Cos™~ == =5~ + (EL°-RO4RI") $in"" —= - M(EL*4r0"-RI" NP
RO EL“+RO“-RI RO 2 (B-1)
Fap = BRI LJ2RT 12 YRro®-R1” _EL)N 4ROT4ELT
RO 1| RO EL 2RO EL -
2
4(Ro”-R1%) + ELo(ro”-2r1%) , , o
-1 RO . RO“-2R1° . 7w | = 4RO“+EL
sin - sin —————+ - ( ——————— =~ ’
EL2+4(ROZ-RT%) 0> 2 EL

(B-2)
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EL

F34 =1 = RI-RO(F2242F21-1) § , (B-3)
RO -RI
F23 = 3 (1-F21-F22) , (B-4)
where F2l1 = F21 ’
F22 = F,, , EL=1L,

23 * RO
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CCNFIGURATION FACTORS FOR TNO ‘EQUAL LENGTH-CONCENTR[C LVLINDEKS
De MAPLES -

RI=RADIUS OF INNER CVLXNDER

RO=-RADIUS OF OUTER CYLINDER

EL=-LENGTH OF CYLINDERS

FORMAT(F1l6.84Fl6.84Fl6.8) :
FORMAT(Fl0e7y)Fl0e79Fl0.74F10e79F10.7, F10.7oF10 7) :
FORMAT(3Xy2HR 148X ¢2HRO) 9X-1HL.8X.3HF21.7X.3HF22p7Xo3HF34o7Xq3HFZ3)
WRITEL64+200)

READ(5,500) RI1,RO4EL

.

CALCULATIONS FOR CONFlGURATIDN FACTOR F21 ¢
D=RT1/RO

E=(EL#%2,0-RO##2, OORIllZ 0)I(EL"2 O*RO'IZ 0~RIwe2, Ol -
P=ABS(E) : , K
Q=D#P : :
X={EL##2.0+RO##2,04R[#u2,0)uu2, 0-(2 O-RI-RO)--Z 0o

T=SQRT(1.0-P##2.0)/P
U=SQRT{1.0-Q##2,0)/0

W=D/SQRT(1.0-D#=2,0) .

BAT=SQRT{X)#ATAN(U) +(EL##2,0-RO##2,0+RInn2, 0)-ATAN(N)
CAT=(3.1415927/2.0)#(EL##2,0+R0*#2.0-R[##2,0)
RAT=1,0/(2.,0%#RI#EL)
F1=Cu(1e0=(14C/3.1415927)#(ATAN(T)=(RAT)#{BAT- CAT)))
CALCULATIONS FOR CONFIGURATION FACTOR F22
W1=SCRT(4.0#R0#%2,0+EL*##2,0)/EL
W2=(RO##2,0-2.0#R[#22,0)/RO##2,0
W3=4,0%(RO#*2,C-RIen2,0)4(EL##2, 0/R0--2 0)#(RO##2,0-2,0#R[w#2,0)
Wae=EL##2,0+44.0#{R0O%22,0~ Rl--2 0)

W5=W3/ W4

Ho=1(2, OIEL)-SORT(Ronaz 0-R[##2,0)
ULl=W5/SCRT(1.0-w5##2,0) " :

U2=W2/S5CRT(1.0-w2#%2,0) :
VI=Wl#ATAN(UL)~ATAN{U2)+3.1415927/2.0%(Wl=1.0)
F22=1.0-0+1.0/3.1415927#(2.0#D#ATAN(WGI=EL/(2.0%RO)*(VT})
CALCULATION OF CONFIGURATION FACTOR F34
F34=1,0-(FL/(RC##2,0-RI##2,0))#(R]I-RO#(F22+2.0#F21-1.0))
CALCULATICN OF CONFIGURATION FACTOR F23
F23=0.5#(1.,0-F21-F22)

WRITE(E&,1C0) RI,RO,FL, FleFZZ.FBé.FZB

GC TG 3

3TOP

END
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EH

7040 COMPUTER PROGRAM FOR RADIOSITY

' EVALUATION

For gray surfaces which follow Lambert's cosine law and reflect
diffuseiy, the radiation from such surfaces can be treated conveniently
in terms of the radiosity. The radiosity is defined as the rate at
which radiation leaves a given surface per unit area, Therefore, the
radiosity is the sum of the radiation emitted, reflected, and trans-
mitted. The radiosities of the surfaces in the enclosure considered in
performing the thermal analysis were generated from Equation (4-22),
These radiosity relations were written in the following form to facili-
tate programming.

.}

+ 312 Xo+ o o o+ aln X = b

11 *1 2
a‘21 x1+322 x2+-‘o o+32nX2=b2’

[ L3 [}
. . L ]
anl xl + anz x2 + ¢« o 0 + ann xn = bn . (C"l)
where ¥ - =
pp F p, F
d.. = =1.0 dn. = _..2_:.21_. . . . d . = -n_nl
11 21 1-5.F nl 1.3 F
' P2%22 “Pn'nn
b Fiy oy F
%2 = 11= o 2T h0 T 9y lr_l= :2
"Pl Pn"nn



P Fi3 Py Foy
a =——--———— a = - .
13 l-p.F 23 l1-9.F
P11 “P2¥22
pl Fln p2 F2n
n l-q F 2n 1_— F
P1¥11 P2% 22
I i
1 =
1-p;Fpy
I Y
25 = ‘
1-p,F,,
b = en Ebn
n =
l-pnan

nn

~-1.0
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(C-2)

(C-3)

Equation (C-1) was solved by the method of determinants. The program

for the solution is listed below.



WM WN -

10
11
12
13
14
15
16
17
20
21
22
23
24
25
26
217
30
31
32
33
34
35
36
37

41
42
43
44
45
46

50
51
52
53
54
55
56
51
60
61

63
64

&6

55
51
52
301

!
GAUSS-ELTFINATION "WYTH ALL COEFFICIENTS
DIMENSICN A(10,10)
READ(5451)N :
FORMAT(29HINDEX TO UNKNOHNS - UNKNOWNS}
FORMAT(13)
FORMAT(I3,14X,F16.8)
FORMAT(F16.8])
I=INCEX CORRESPONDING TD THE UNKNOWN VARIABLE
MATRIX COEFFICIENT FOR SOLUTION TO THE SET OF EQUATIONS

" All41)==1C€00.0

All,2)=0C.0
Al1,3}=0.0
Al1,4)=24.969868
Al1,5)=2.5005217
All,16)=0.001074
All,7)=2.515056
Al1l,8)=0.004344
Al1,9)=-215344,656
Al2,1)=C.0
Al2,2)=-1C00.0
A(2,3)=C.0
Al2,4)=1.538775
A(2,5)=26.8587C9
Al246)=1.538775
A(2,7)=0.031632
A(2+8)=0.031632
Al249)=-215344,656
A(3,1)=0.0
A(3,2)=C.0
A(3,3)=-1000.0
A(3,4)=C.001074
A(3,5)=2.500527
Al3,6)=24.969888
Al3,7)=C.004344
A(3,8)=2,515056
A(3,6)=-215344,656
Al4,1)=8,45963156
Al4,2)=0.84537246
Al4,3)=0.000364C906
Al4,4)=-1C00.0
Al4,5)=2.9454832
Al4,6)=C.C5416024
Al4,7)=3.873537
Al{4,8)=0.0259938
Al4,9)=-105329.20
A(5,1)=0.521171205
Al15,2)=9.09955155
A{5,3)=C.521171205
AlS544)=1.8164336
A(5,5)=-1000.0
Al5,€6)=1.8164336
Al5,7)=0.16726972
Al5,8)=C.16726572
A(5,9)=-105551.80
Al651)=0.00036405067
A16,2)=0.84537246
Al6,3)=8.,459631588

BELOW
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67
70
71
T2
73
T4
15
16
117

100

101
.102
103
104
105
106
107
110
111
112
113
114
115
116
117
120
121
122
123

124

125
126
127
13¢
131
132
133

134

135
136
137
140

141

142
143
144
145
146
147
150
151
152
153
154
155
156
157

A(6,4)=0.054160238
A(6,5)22,9454832
Al6y6Ye-1€00.0

"A(6,2)=0.0259938

A{6,8)=3,873537
A{649)=-105329.20
Al1,1)=150.90336
Al7,2)1=3.1068

. AlT43)=C.260388
T AlTy4)=687.4497

500

14
13
15

16
17
113
114
59
98

tENTRY

A(7,5)=47.237733
Al7,6)=4.,60791
Al747}5~1000.0
Al7,8)=5.53284
Al7,9)5-15675.02
A(8,1)2C.260388
AlB,2)=3,1068
A(8,3)=150.90336
AlBy4)=4.,60791
A{8,5)=47.237733
AlB,6)=687.4497
A{8,71=5.53284
A(8,8)=-1C00.0
A(B,5)=-15675.02
A(9,11=C.0
A(9,2)=0.0
A19,3)=0.0
A{9:4)=C.0
A{9,5)=0.0
A{9,6)=C.0
A{9,7)=C.0
A(9,8)=C.0
Al9,9)=C.0

DO 5C0 I21,8

DO 5C0 J=149
WRITE(6,301)A014y)
WRITE(6455)
M=N~1

LM=M

LP=Mél

IFLAGLs10) 13,14413

stape
DO 15 J=14M

ALLPyJ)=A{L4d+1)7A(141)

DO 16 I=2,M
D=Al1,1)
DO 16 J=al4M

C=AlTyJ¢1)-DeA(LRWJ)

All-1,J)=C

DG 17 d=1,M
Al{MyJ)=A(LP,yJ)

LMz M=] .
TFELM) 114,114,.9
DG 59 I=l4N
WRITEL6,52)1)A(1,1)
STOP

END
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7040 COMPUTER PROGRAM FOR LEAST

SQUARE GCURVE FIT

The purpose of the least square program was to determine the
coefficients for Equation (5-38);‘Chapter IV. The program is a standard
IBM share program and is presented below. All instructions necessary

to operate the program are stated within the program.



OOOOOOOOOOOND

100

CURVE FIT.

DIMENSICN A[343)48(3,1)

DIMENSICN X(200)rV(?OO),Z(ZOO),C(ZOO.lS)

READLS5y1) NyM.

FORMAT(2110)

D0 62 KIM=1,3

WRITE (6,100)

FORMAT(1H1s 1 THTHE COEFFICIENTS .
121HOE THE POLYNOMIAL IN .ZOHINCREASING ORDER ARE)
READ(S101M(XET)pY 1)y 1=14N)

101 FORMAT(2F10.0)

CALL LSQR- lX.Y,N.A.B.‘M..l.C)
WRITE (€4102) {BlI,1),1=1,M)

102 FORMAT(1HO0yE20.8)

60

103

104

105

62

DC 60 I=1,yN
(1)=0.0
D0 60 Ls1l,yM
R=X([)#u{L-1)#B(Ly1)
Z{l)= 2(1) + R
CCNTINUE
WRITE(6,103)
FORMAT(1h0O)
WRITE(6,104)
FORMAT(1HO, 5Xy 20HINDEPENDENT VARIABLE,
16X, 18HDEPENDENT VARTABLE,7X,19HCOMPUTED VALUE OF Y)
DO 61 J=1,N
WRITE 165,105) X(J)yY(J)2(H)
FORMAY (1HO,3(5X,£20.8))
CONTINUE
CCNTINUE
STUP )
END
SUBROUTINE LSQRIXyYs¢NeAyBsMsLsC)
LEAST SQUARES CURVE FIT
THE COEFFICIENTS OF THE POLUNOMIAL ARE STURED IN THE B(M,L) MATRIX.
X IS THE ARRAY OF [MNDEPENDENT VARIABLE VALUES.
Y IS THE ARRAY OF DEPENDENT VARIABLE VALUES.
N IS THE NUMBER GF VALUES OF X.
A IS THE ARRAY THAT IS GENERATED IN THE LEAST SQUARES COMPUTATIONY
) A IS CIMENSIUNED (MyM). -
B IS THE ARRAY THAT CONTAINS THE POLYNOMIAL DOEFFICIENTS IN ORDER OF
CECREASING DEGREES B8 IS TWO DIMENSIONAL (MsL..
M- 1S THE NUMBER OF COEFFICIENTS IN THE FITTED POLYNDMIAL9
L IS TFE NUMBER OUF SETS OF 'Y DATA USUALLY L = 1)
DIMENSICN A(MyM)y BIMyL)
DIMENSICN XIN)+Y(N)C(200,10)
GENERATE THE A AND B ARRAY.
1 D0 2 I= 1,N
2 Cll,y1) = 1.
00 3 J4=2,M
DC 3 I=1yN
3 CUI,d) = ClIyd=1) » X(1)
DO 4 I= 1,M

D0 & J= 14M
AlI,Jd) = 0O
DC & K= 14N :

4 Allyd) = Allyd) + CULKyl) #C(K,d)
DO 5 1 = 1M :
B(I,L) = 0
DO 5 K= 1,N

S B{I,L) = BUI,L) % CUKyI) # Y(K)

CALL AUBURN UNIV. MATRIX INVERSION SUBROUTINE.

CALL MATINV(A,My8,L,DETERM)
DIMENSIONS ARE A{M,M), B(MsL)

RETURN

END
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7040 COMPUTER PROGRAM FOR THERMAL ANALYSIS OF

HORIZONTAL CONCENTRIC CYLINDER SYSTEM

Theoretical calculations of temperatures on models and prototypes
for various energy inputs and convective film coefficient correlations
were obtained on a digital computer. Prototype calculations were made
for a range of power inputs to the main heater from 20 to 80 Btu/hr and
two different convective film coefficient correlations. The input to
the model was obgained by scaling the inbut to the prototype ac;ording
to the similarity parameters developed in the Zero Surroundings
Technique and Technique I. The correlations by Grigull and Hauf [36]
and Liu, Mueller, and Landis [40] were used to represent the convective

film coefficient correlations for the horizontal annuli.

ASSUMPTIONS:

. RADIAL CONDUCTION THROUGH
CYLINDER waALL

2. RADIATION EXCHANGE BETWEEN

INNER AND OUTER CYLINDER
CAN BE EVALUATED BY INFINITE
CYLINDER CALCULATION

0 D21 D20

3. THE CONVECTION FiLM COEFFICIENT
CAN BE REPRESENTED BY THE
EMPIRICAL CORRELATIONS PRE-
SENTED IN TABLE IX

Figure 47 . Nomenclature Used in Computer Program
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Computations were obtained by solving Equations (4-10), (4-11),
(4-12), and (4-25). These equations were written in the following form
to facilitate programming.

Heat transferred across the horizqntal annuli:

| 4 4
q =2 wo @mo - @m ) + h (AL0)(T10-T21), (E-1)
din+M0d oy,
€ A21 ‘e

Heat transferred away from the outer cylinder:

q; = o € (A20) (r20)* - (n)*} (E-2)

Heat conducted through the cylindrical walls:

(T10 - T1I)
L=
10

1n ——

14

U1

and

o kj. g'pzo - T21) . (E-4)

r
in =22

Tai

For this one-dimensional problem, the following expression can be

writtens
Q= =% =9 =93 - (E-3)

Results obtained from the solution to these equations are.presented in

Table XXII.
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51
52
53
54
55
70

60

62
63

170

THE FOLLOWING VARIABLES PRETAIN TO THE PROTOTYPE PROPERTIES.

PROTOTYPE NUMBER 1P,
T20 = QUTSIDE TEMPERATURE OF OUTER CYLINDER.
T21 = INSIOE TEMPERATURE OF OUTER CYLINDER.

T10 = QUTSIDE TEMPERATURE OF INNER CYLINDER.
Til » INSIDE TEMPERATURE OF INNER CYLINDER.
D20 = QUTSIDE DIAMETER OF OUTER CYLINDER,
D21 = INSIDE DIAMETER OF OUTER CYLINDER.

D10 = QUTSHDE DIAMETER OF INNER CYLINDER.

OL1 = INSIDE DIAMETER OF INNER CYLINDER.

Q = HEAT TRANSFER THRU CYLINDERS.

EL = LENGTH OF CYLINDER.

P = PRESSURE OF FLUID IN PSIF.

TG = THERMAL CONDUCTIVITY OF GAS.

H = CONVECTION COERFICIENT,

GR = GRASHOF NUMBER.

THE FOLLOWING VARIABLES PRETAIN TO MODEL PROPERTIES.

T20M =« QUTSIDE TEMPFRATURE OF OUTER CYCLINDER.
T2IM = INSIDE TEMPERATURE OF OUTER CYLINDER.
T10M = QUTSIDE TEMPFRATURE OF INNER CYLINDER.
T1IM = INSIDE TEMPERATURE OF INNER CYLINDER.
A20M = OQUTSIDE AREA OF OUTER CYLINDER.

=

AlOM OUTSIDE AREA OF INNER CYLINDER,

A2IM = INSIOE AREA OF OUTER CYLINDER.

QM = HEAT TRANSFER THRU CYLINOER.

ELM = LENGTH OF CYLINDER.

PM = PRESSURE OF FLUID IN PSIF.

TGM = THERMAL CONDUCTIVITY OF GAS.

HM = CONVECTIVE COEFFICIENT.

GRM = GRASHOF NUMBER.

COMMON VARIABLES BEYWEEN MODEL AND PROTOTYPE.

TW = CHAMBER WALL TEMPERATURE.

SIGMA = STEFAN ~ BOLTZMANN CONSTANT.
EPSON = EMISSIVITY,

R = GAS CONSTANT.

G = LOCAL ACCELERATION OF GRAVITY.
TS = THERMAL CONDUCTIVITY OF SOLID.
FORMAT(6F12.5)

FORMAT(EL6.8)

FORMAT({Fl6.8)

FORMAT (4F12.5)

FORMAT(10F12.4)

FORMAT ((1H1)

WRITE(6,70)
FORMAT(TXy3HTLI 09Xy 3HTLOy 9Ky IHT21y9X93HT20411 X9 1HQe 11X,y 1HP

111X, 1HHo 10X,y 2HTM, 10X,.2HUR 10X, 2HQC/)

FORMAT( 52Xy 10HSYSTEM=-=1P/).
FORMAT { 34Xy 60HCONVECTIVE COEFFICIENT CORRELAVION--LI1» MUELLER, AN

10 LANDIS/}

WRITE(6462)

WRITE(6463)

WRITE(6+60)
READ(5,51)Tw,020,D21.D10,011,7TS
READ(5454)EPSONJEL+RyG



20
21

22
23
24
25
26
27
30
31
32
33
34
35
36
37
40
41
42
43
44
45
46
47
50
51
52
53
54
55
56
57
60
61
62
63
64
65
86
67
70
71
12
73

74
75
76
77
100
101
102
103
104
105
106
107

110
111
112
113
114
115
116
117
120
121
122
123
124
125
126
127

5
c
4
2
16
3
c

11

$ENTRY

READ(5,52)S1GMA

READ{5453)ROW

PROTOTYPE CALCULATIONS

TV=0.0

READ{5453)Q

A20=3.1415927D20+EL
Al0=23,1415927#010#EL
A2=3.1415927#D21«EL

TVaTV+l.0

T20={Q/ (SIGMA®EPSON®A2D) +THee4,0)#e0,25
LLOG=ALOG(D20/D21)
T213(Q/(2.0%3,1415927#TS«EL))#ZL0G+T20
T10=T2§+0.50

T10=T1040.,50

TM=(T10+T21)/2,0

A20.35145532E~03

B8=0,32041684E~04

C=-0.10027234E~07

0=0.22337353E-11

TG=A+BeTM+CoTM#a2 ,0#D#TM#=3,0
UM=TMea21,5/{375.,0#TM+T7700,0)
DELTA4(D21-D10)/2.0

DTM=T10~-T21
GR=ROW##2,0/TMeDTMeDELTA##3,0/UMen2,080
P=ROW=R&TM

CON=0420+0,145+(DELTA/D10).
EP=-0.02+(DELTA/D10Q)

CO=(2.72)unEP

Al=0.77661161

Bl=-0.18508948E-03

Cl=0.,11816195E-06

ZL=ALOG(D21/D10)
PR=A1+Bl#TM+CluTMee2,0
TP=PR##2.0#GR/(1.36+PR)

S=ALOG(TP)

U=6.9077552
H={2.0#TG/(DLl0O*2L))#0.135+(TP)=#0.278
CONT INUE
BT=(1.0/EPSON~1,0)#(1.0+A10/A211+1,0
QC=H*AL10#{T10~-T21)
QR2A10#SIGMA#EPSON/RT#(T10##4,0-T21##4,0)
1==~Q+QR+QC

IF(Z) 243,3

WLOG=ALOG(D10/D11)
T1I1=Q/(2.0%3,1415927TS#EL)#WLOG+T1O0
MODEL CALCULATIONS

HM=2.0#H

QM*0.630Q

A20M=20,25#A20

AlOM=20.25#A10

A21M=0,25#A21

ELM=0.50%EL

T20Ma(QM/ (SIGMASEPSNN#A20M) +TWe24,0) ##0,25
T2IM=(QM/(2.083,141592T7#TS#ELM))#2L0G+T20M
T10MaT21IM+1.0

T10M2T10M#+1.0

TMM=(T1OM+T2IM)/2.0

DTMM=T10M-T21IM

DELTAM=DELTA/2.0
TGM=A+BeTMM+Co#TMM##2,0+D#TMM»a3,0
UMM=TMM##1,5/(375.0#TNM+T77700.0)

GRM=GR# (DELTAM#TG#HM/ (DELTA#TGM#H) a4 .0
BTM=(1,0/EPSON=1,0)#{1,0+A10M/A2IM)+1.0
QCM=HM®ALUM (T10M-T21IM)
QRM=AL10MeSIGMA®EPSON/BTMe (T10OMe#4.0-T2IMn#4.0)
IM=2-QM#+ QRM&QCM

IF(ZM) 6e e
T1IM=QM/(2.0#3.141592T7TS#ELM)#WLOG+T10M
ROWM={GRM#UMMe#2 , 08 TMM/ {G#DTMM*DELTAM##3,0) ) ##0,.50
PM=ROWM®R #TMM
WRITE16455)T11,T10,T21,T20404PsHsTM,QR,QC
IF(TY=4.0) 4,545

STOP

END
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T11

T47.9692
693.2148
622.0881
515.5169
738.4692
682.7148
611.0881
503.0169
733.40692
677.7148
605.5881
©9840169
T727.9692
672.2148
599.5881
49240169
720.9692
664J7148
59240881

- 484.5169

11t

T37.9692
682.7148
61C.5881
5C3.C169
725.4692
669.2148
597.C881
489.51¢9
719.4692
£€3.7148
561.0881
484.C169
7T12.9£52
€57.2148
584.5881
478.C169
704.9692
648.7148
577.0881
471.5169

T10

T47.9264
693.1826
622.0667
515.5062
738.4264
682.6826
611.0667
503.0062
733.4264
677.6826
605.5667
498.0062
T727.9264
672.1826
599.5667
492.0062
T20.9264
664 .6826
592.0667

.484.5062

TiC

737.92¢4
682.6826
610.5¢¢€7
503.0C62
725.4264
€69.1826
597.06€7
489.5062
719.4264
663.6826
591.0667
484.0CE2
712.92064
657.1826
584.5667
478.C062
704 .92¢64
648.6826
5771.0¢e7
471.5C¢2

TABLE XXII

SYSTEM-~1P

CONVECTIVE CUEFFICIE‘T CORRELATION-~LItly MUELLER, AND LANDIS

T21

569,4264
530.1826
479.5667
404.5062
56944264
530.1826
4795667
404.5062
569.4264
530.1826
479.5667
404.5062
569.4264
530.1826
479.5667
404.5062
569.4264
$30.1826
479.5667
404.5062

CONVECTIVE COEHHICIENT CORRELATION--GRIGULL AND HAUF

T21

569.4264
53G.1820
4719.56617
404.5062
569.4264
530.182¢
479.5667
404.5C062
569.4264
530.1826
4719.56617
4C4.5Ce2
563.4204
530.1826
479.56067
404.5C€2
509.4264
53C.1826
475.5¢667
404.5Co02

T20

569.4076
530.1685
479.5573
404.5015
569.4076
530.1685
479.5573
404.5015
569.4076
530.1685
479.5573
404.5015
569.4076
530.1685
479.5573
404.5015
569.4076
530.1685
479.5573
404.5015

T2V

569.4076
530.1685
479.5573
424.5C15
569.4C76
530.1685
476.5573
404.5015
5¢9.4076
530.1685
479.55913
404.5015
564.4070
53GC.1685
479.55173
404.5015
569.4076
530.1685
479.5573
4N4.5Cl5

Q

80.0000
60. 0000
40.0000
20.0000
80.0000
60.00D0
40.0000
20. 0000
80.0000
60.0000
40.0000
20. 0000
80.0000
60.0000
40.0000
20.0000
80.0000
60.0000
40.0000
20.0000

[

366.4875
340.3402
306.4744
255.9474
909.6116
843.5478
758.5355
631.1748
1272.0728
1179.3294
1059.4971
881.1904
1797.6768
1666.0574
1495.3012
1242.2523
2692.3210
2493.0863
2235.9630
1854.9242

sYsTep-- 1-P

o]

60.C000
60.CC00
40.0000
20.000C
80.€000
60.0000
40.0000
20.0000
80.0000
60.0000
40.CC00
20.0000
80.0G00
60.C000
40.G000
zC.Cco00
H0. 0000
€0.CC00
40.0000
20.0C000

P

363.7055
337.4191
303.2751
252.4699
900.5701
834.1585
748.7985
621.7856
1258.4036
1165.6602
1045.3397
807.5%212
1776.8321
1645.2726
l474.%164
1222.6532
2658.9370
24%9.7023
2204.6656
1827.7997

M

0.2610
0.2526
0.2407
0.2207
0.4276
0.4123
0.3915
0.3549
0.5119
0.4931
0.4669
0.6222
0.6157
0.5925
0.5593
0.5032
0.7630
0.7323
0.6892
0.6158

H

0.4344
0.4177
0.3941
0.3543
0.6725
0.6440
0.6049
0.5385
0.7883
0.7547T
0.7066
0.6267
0.9779
0.8870
0.8283
0.7311
1.1211
1.0683
0.9964
0.8754

™

658.6764
611.6826
550.8167
460.0062
653.9264%
606.4326
5645.3167
453.7562
651.4264
603.9326
542.5667
451.2562
648.6764
601.1826
539.5667
448.2562
645.176¢%
597.4326
535.8167

. 444.50062

™

653.6T764
606.4326
545.0667
453.7562
647.4264
599.6826
538.3167
447.0062
644.46264
596.9326
535.3167
444.2562
641.1764
593.6826
532.0667
441.2562
637.1764
589.4326
528.3167
438.0062

aR

70.1847
51.2974
32.7137
14.8107
64.9160
46.6784
29.2299
12.5799
62.2235
44.5526
27.5571
11.7329
59.3246
42.2678
25.7834
1).749%96
55.7289
39,2414
23.6400
9.5790_

QR

64.6443
46.6784
29.0759
12.5799
58.0284
41.0450
25.0600
10.3503
54.9719
38.8455
23.3603

9.4933
51.7459
36.3156
21.5766

8.5911
47.8947
33.1187
19.5910

7.6513

A

9.9115
8.7575
7.2975
5.2112
15.371¢%
13.3715)
10.9498
T.4355
17.8558
15.471)
12.5136
8.3962
20.758)
17.896)
14.2757
9.3655
26.5871
22.9507
15.46935
10.64783

oc

15.5683
13.5499
10.9807

T.4242
22.3143
19.0400
15.1191

9.7356
25.1520
21.4305
16.7598
10.5974
28.3223
23.9610
18.5001
11.4304
32.3116
26.9270
20.6652
12.4759

(A2



T11

716.4577
664.2061
597.0824
496.0140
T08.4577
655.7061
587.5824
48640140
T04.4577
651.7061
583.5824
481.5140
699.9577
647.2061
578.5824
477.0140
693.9577
641.2061
572.5824 .
471.0140

TlI

706.9577
654.2061
586.0824
484.5140
696.4577
643.2061
575.0824
473.5140
691.4577
£38.7061
570.0824
465.0140
685.9577
633,2061
5¢4.5824
464.0140
679.4577
626.2061
558.5824
458.5140

110

716.4263
664.1826
597.0667
496.0062
708.4263
655.6826
587.5667
486.0062
T04.4263
651.6826
583.5667
481.5062
699.9263
647.1826
578.5667
477.0062
693.9263
641.1826
572.5667
471.0062

T10

706.92¢3
654.1826
586.0667
484.5C62
696.4263
643.1826
575.06€7
473.5C62
691.426)
638.6826
570.0667
469.0062
685.9263
633.1826
564.56€7
464.0062
679.4263
626.1826
558.5667
458.50¢€2

SYSTEM--2P

CONVECTIVE COEFFICIENT CORRELATION--LIU, MUELLERe AND LANDIS

T21

569.4263
530.1826
47945667
404.5062
569.4263
530.1826
47945667
404.5062
569.4263
53041826
4795667
404.5062
569.4263
530.1826
479.5667
404.5062
569.4263
530.1826
4T19.5667
404.5062

CONVECTIVE COEFFICIENT CORRELATION-——GRIGULL AND HAUF

T21

569.4263
53C.1826
479.5667
404.5062
569.4263
530.1826
479.5667
404.5062
569.4263
530.1826
4T79.5667
404.5062
569.4263
530.1826
479.5667
404.5C62
569.4263
530.1826
479.5€¢67
404.5C62

120

569.4075
530.1685
479.5573
404.5015
569.4075
530.1685
479.5573
4064.5015
569.4075
530.1685
479.5573
404.5015
569.4075
530.1685
479.5573
404.5015
569.4075
530.1685
479.5573
404.5015

T20

569.4075
530.1685
475.5573
404.5015
569.4075
530.1685
479.5573
404.5015
569.4075
530.1685
479.5573
404.5015
569.4075
530.1685
479.5573
404.5015
569.4075
530.1685
479.5573
4N4.5015

Q

80.0000
60.0000
40.0000
20.0000
80.0000
60.0000
40.0000
20.0000
80.0000
60. 0000
40.0000
20.0000
80.0000
60. 0000
40.0000
20.0000
80.0000
60.0000
40.0000
_20.0000

P

357.7242
332.2724
299.5194
250.5225
888. 7465
824.7692
742.1913
619.3513
1243.7579
1153.9436
1038.0168
865.0803
1758.8785
1631.4160
1466.2025
1221.4675
2635.9853
2444.0534
2195.2763
1826.7554

SYSTEM——2-P

q

80.C000
60.0000
40.0000
20.0000
80.0000
60.0000
40.0000
20.0000
80.0000
60.0000
40.0000
20.0C00
80.0000
60.0000
40.C000
20.00600
80.0000
60.0000
40.0000
20.0000

P

355.0813
329.4904
296.4592
247T.3232
880.4005
816.0755
733.4975
610.6576
1231.0650
1141.2507
1024.8358
852.8756
1739.4794
1612.0169
1446.8034
1203.4541
2605.7311
2412.7559
2166.0653
1800.6752

H

0.2256
0.2181
0.2081
0.1908
0.3694
0.3563
0.3381
0.3073
0.4423
0.4262
0.4039
0.3651
0.5321
0.5122
0.4838
0.4359
0.6591
0.6334
0.5966
0.5340

H

0.3963
0.3808
0.3593
0.3231
0.6133
0.5872
0.5517
0.4912
0.7189
0.6882
0.6443
0.5717
0.8459
0.8085
0.7549
0.6667
1.0222
0.9737
0.9085
0.7975

™

642.9263
597.1826
538.3167
450.2562
638.9263
592.9326
533.5667
445.2562
636.9263
590.9326
531.5667
463.0062
634.5763
588.6826
529.0667
440.7562
631.6763
585.6826
526.0667
437.7562

™

638.1763
592.1826
532.8167
444.5062
632.9263
586.6826
527.3167
439.0062
630.4263
584.4326
524.8167
436.7562
627.6763
581.6826
522.0667
434.2562
624.4263
578.1826
519.0667
431.5062

RN

73.9466
51.8D24
33,2495
15.1270
65.76D8
47.4229
29.7103
13.0047
63.2329
45.4200
28.2705
12.0915
60. 4400
43.2104
26.5120
11.2035
56.7991
40.3351
26.4611
10.0579

QRr

64.8078
46.6675
29.1669
12.¢975
58.3048
41.2846
25.3079
10.5299
55.3097
39.1607
23.6254

9.6857
52.0893
36.6250
21.8251

8.77157
48.3820
33.4920
19.9203

7.8081

a

9.4D035
8.2907
6.9363
4.9526
14.551¢4
12.6811
10.3563
T-.1024
16.9342
14.6872
11.9125
T.9723
19.693%
15.9963
13.5823
8.9637
23.2713
19.941)
15.7357
10.0717

QC

15.4543
13.3909
10.8513

7.3309
22.0913
18.8183
14.9421

9.6118
24.8744
21.1769
16.5380
10.4576
27.9493
23.6185
18.1982
11.2506
31.8905
26,5112
20.3560
12.2146

€LT



Tll

80044940
740.7333
663.6005
547.5231
786+9940
72627333
648.1005
530.5231
780.9%40
72042333
641.1005
523.0231
713.4940
71242333
6331005
515.0231
763.4940
702.2333
622.6005
505.5231

Tl

787.4940
127.2333
649.1C05
532.0231
170.9940
7C9.7333
631.1005
513.5231
T€3.4940
702.2333
623.1005
506.0231
754.9940
693.7333
614.6G05
498.5231
743.9940
682.7333
604.1005
489.5231

T10

800.4263
740.6826-
663.5667
547.5062
786.9263
726.6826
648.0667
530.5062
780.9263
720.1826
641.0667
523.0062
T73.4263
712.1826
633.0667
515.0062
763.4263
702.1826
622.5667
505.5062

T10

787.42€63
727.1826
649.06€67
532.00€2
770.9263
709.6826
631.0667
513.50¢€2
T63.4263
702.1826
623.06€7
506.00¢2
754.9263
693.6826
614.5667
458.5062
743.9263
682.6826
604.06€67
483.50€2

CONVECTIVE COEFFICIENT CORRELATION--LIU, MUELLER.,

T21

56974263
53041826
4795667
404.5062
5694263
530.1826
4£79i5667
40445062
569.4263
530.1826
4£79.5667
40475062
569.4263
530.1826
479.5667
404.5062
569.4263
530.1826
4£79.5667
404.5062

CONVECTIVE COEFFICIENT CORRELATION—GRIGULL AND HAUF

T21

569.4263
530.1826
479.5667
404.5C62
569.4263
530.1826
479.5667
404.5062
569.4263
530.1826
479.5667
404.5C62
56%.4263
530.1826
£75.5667
404.5C62
569.4263
53C.1826
479.5667
404.5C62

T20

569.4075
530.1685
479.5573
404.5015
569.4075
530.1685
479.5573
404.5015
569.4075
530.1685
479.5573
404.5015
569.4075
530.1685
479.5573
404.5015
569.4075
530.1685
479.5573
404.5015

T20

569.4075
530.1685
479.5573
404.5C15
569.4075
530.1685
479.5573
404.5015
569.4075
530.1685
479.5573
404.5015
569.4C75
53C.1685
4719.5573
404.5015
569.4075
530.1685
479.5573
«04.5015

SYSTEM——3P

1]

80.0000
60. 0000
40.0000
20.0000
80. 0000
60.0000
«0.0000
20.0000
80.0000
60. 0000
49.0000
20,0000
80.0000
60.0000
40.0000
20.0000
80.0000
60.0000
40.0000
20.0000

SYSTEM—- B-P

Q

80.0000
60.0000
40.0000
20.0000
80.0000
60.0C00
40.0000
20.0000
80.0000
60.0000
40.0000
20.0000
80.0000
60.0000
40.0000
20.0000
80.0000
60.0000
40.0000
20.0000

AND LANDI1S
? H ™ ar a
381.0930 0.3388  684.9263 69.0973 11.9975
353.5547 0.3275  635.4326 50.2290 9.7772
318.0197 0.3121  571.5667 31.9056 8.1437
264.8498 0.2858  476.0062 16.2759 5.7957
943.3433 0.5539  678.1763 62.9874 17.0843
874.1497 0.5342  628.4326 45.2237 14.8857
784.2690 0.5062  563.8167 27.9476 12.096)
650.3011 0.4585  467.5062 11.8656 8.1917
1318.4506 0.6636  675.1763 60.3709 19.8965
1220.8253 0.63B7  625.1826 42.9960 17.2098
1094.1584 0.6037  560.3167 26.2507 13.827
905.5998 0.5438  453.7562 10.8732 9.1388
1860.7238 0.7974  671.4263 57.1840 23.0682
1721.4833 0.7663  621.1826 40.3358 19.7762
1541.7204 0.7227  556.3167 24.3783 15.7308
1274.1222 0.6475  %59.7562 9.8608 10.1455
2780.9971 0.9865  666.4263 53.0766 27.1400
2571.3299 0.9453  616.1826 37.1343 23.0809
2299.6013 0.8888  551.0667 22.0262 18.0233
1898, 7407 0.7921  455.0062 8.7183 11,3447
P H ™ oRr o
377.4764 0.5441  678.4263 63.2081 16.8213
349.7990 0.5230  628.6826 45.3976 14.6107
313.9858 0.4935  564.3167 28.1945 11.8620
260.5377 0.4435  468.2562 12.0691 8.0190
932.2153 0.8417  670.1763 56.1420 24.0498
862.3262 0.8058  619.9326 39.5227 20.5111
772.4455 0.7564  555.3167 23.9211 16.2499
638.4776 0.6718  459.0062 9.6761 10.3834
1301.3640 0.9868  666.4263 53.0766 27.1471
1203.2505 0.9435  616.1826 37.1343 23.013¢
1076.5837 0.8829  551.3167 22,1355 17.96664
889.0014 0.7806  455.2562 8.7768 11.2362
1835.0893 1.1611  662.1763 49.7099 30.5422
1695.8488 1.1084  611.9326 34.5184 25.6991
1516.0859 1.0343  547.0667 20.3122 19.8011
1251.2590 0.9109  451.5062 7.9166 12.1418
2740.3103 1.4010  656.6763 45.5187 34.6672
2530.6432 1.3344  606.4326 31.2730 28.8569
2261.0010 1.2615  541.8167 18.1619 21.9189
1865.3567 1.0879  447.0062 6.9344 13.1131

LT



SYSTEM--1N

HWi=2.00H, QN=0.63e0Q

CONVECTIVE COEFFICIENT CORRELATION-~LILL MUELLER{ AND LANDIS

Tlin T10M T2in T20M qn [, ] Mt THNA orm Qs
942.8221 942.7681 716.7681 T16.T444 50.4000 1066.2033 0.5221 829.7681 44.4208 6.2745
873.2021 873.1616 667.1616 667.1438 . 37.8000 989.6053 0.5052 770.1616 32.3548 5.5339
784.1204 784.0935 603.,0935 603.0816 25.2000 887.8362 0.4815 693.5935 20.7468 $.6345
648.7755 648.7620 507.7620 507.7561 12.6000 739.9720 0.4414 578.2620 9.3460 3.3097
929.8221 929.7681 716.7681 T16. 7444 50. 4000 2650.9493 0.8552 823,2681 40,8167 9.6867
86042021 860.1616 667.1616 667.1438 37.8000 2450.9965 0.8246 763.6616 29.4963 8.4635
76951204 769.0935 603.0935 603.0816 25.2000 2202.8532 0.7829% 686.0935 18.3736 6.9113
632.77385 632.7620 507.7620 507.7561 12.6000 1825.4076 0.70%8 570.2620 7.9240 4.718)
92348221 923.7681 71647681 716.7444 50.4000 3704.7990 1.0237 820.2681 39.2035 11.2687
85422021 854.1616 667:1616 667.1438 37.8000 3423.8638 0.9862 T60.6616 28.2199 9.8072
76241206 762.0935 603.093% 603.0816 25.2000 3077.1689 0.9338 682.5935 17.3126 7.8955
625.7785 625.7620 507.7620 507.7561 12.6000 2554.5473 0.8443 566.7620 7.3349 5.2981
916.8221 916.7681 71647681 T16. 7444 50.4000 5235.8350 1.2314 8l16.7681 37.3607 13.0965
846.2021 846.1616 667.1616 667.1438 37.8000 4848.3257 1.1850 756.6616 26.559¢ 11.2795
75541204 755.0935 603.0935 603.0816 25.2000 4335.6174 1.1185 679.0935 16.2804 9.0412
618.7755 618.7620- 507.7620 507.7561 12.6000 3593.0508 1.0064 563.2620 6.7651 5.9404
907.8221 907.7681 P1647681 716, 7444 50. 4000 7643.7379 1.5259 812.2681 35.0526 15.4988
83742021 837.1616 667.1616 667.1438 37.8000 7246.0739 1.4646 752.1616 24.7469 13.2402
745.1204 745.0935 603.0935 603.0816 25.2000 6492.4864 1.3785 674.0935 14.8548 10.4092
609.7755 609.7620 507.7620 507.7561 12,6000 5352.9153 1.2315 558.7620 6.0605 6.6793

SYSTEM——]1M
HM=2.0eH, QM=0.63¢Q
CONVECTIVE CCEFFICIENT CORRELATION--GRIGULL AND HAUF
T11v TIiCH T21IM T20M oM L) HM THR QRN [
925.8221 929.7¢81 11€.7¢81 Tle. 7444 50.40C0 1058.6583 0.8687 823.2681 40.8167 9.8399
85%.2¢21 859.1¢16 667.1¢16 667.1438 37.8C00 982.5396 0.8354% 763.1616 29.2817 8.5298
7¢S.1204 769.£925 603.C535 6G3.0816 25.2000 879.3109 0.7881 686.0935 18.3736 6.9572
632.7755 €32.7¢20 SCT.7¢20 S5CT.7%¢1 12.6C00 730.1631 0.7087 570.2620 7.9240 4.7108
913.8221 S13.7¢81 Tlo.Tesl T16.7444 50.4C00 2622.C054 1.3449 815.2681 36.5837 14.0895
843,2021 B43.l1¢€le col.1¢1e b67.1438 37.8C00 2422.7633 1.2879 755.1616 25.9488 12.0541
751.12C4 751.0925 603,C935 603.08l1¢6 25.2000 2176.3375 1.2098 677.0935 15.7033 9.5218
€15.,7755 £1b.762C 5C1.7¢20 507.7%061 12.60C0 1797.1523 1.0769 561.7620 6.5268 6.1850
SCe.8221 9C6.7¢81 7le.7681 716.7444 50.4C00C 3658.8080 1.5766 8l1.7681 34.8004 15.9296
835.2021 835.161¢ bol.léle 667.1438 37.8CC0 3394.2688 1.5093 751.1616 24.3519 13.484%
T44.1204 7T44.0925 6CG3.(G3Y €23,08l0 25.2C00 3032.8322 1.4133 673.5935 14.7154 10.5970
6(8.7755 éCB.7620 5C71.7€20 507.7501 12.6000 2507.4561 1.2533 558.2620 5.9841 6.7317
867.8221 897.%¢€21 71€.744d1 116.7644 50.4000 5175.1780 1.8557 807.2681 32.5674 17.8618
8z71.2C21 B2r.1¢e1¢ e6T.1¢l6 667.1438 37.8000 4748.1782 1.7739 747.1616 22.8003 15.0935
72¢.12C4 736.0525 6C3.C93% &63.C816 25,2800 4274.6067 1.6560 669.5935 13.6199 11.7168
€C0.7755 €L0.7¢620 507.7¢2C 5C7.7%61 12.6CC0 3540.05036 1.4622 554.2620 5.3864 T.2315
887.8221 é87.76K1 71e¢.7€81 71647444 50.4000 7741.5606 2.2421 802.2681 30.1638 20.3885
817.2021 ¥17.1ele 6oT.1el6 ehT. 1438 37.8C00 1142.9267 2.1365 142.1616 20.9231 17.0424
72€.12C4 126.0635 603.C5 35 6C3.0816 25.2000 6402.2275 1.9928 664.5935 12.2999 13.0350
552.1755 £592.7625 5CT.7¢€20 SCT.75%61 12.6CC0 5286.0404 1.7508 550.2620 4.8121 T.9138

GLT



TN T10M 1210 1200 on () " ™
TAB.4384 T48.41T0 Se94LTO  569.4076 20.0000  238.8427 0.2610  658.9170
6931916  693.17%%  530.1756  530.1685 15.0000  240.4551 0.2526  611.8756
622.5T2T7  622.5620  4T9.5620  4T9.5573 10.0000  216.3905 0.26407  551.0620
$15.5092  S15.5038  404.50M  408.5018 S.0000  180.9816 0.2207  460.0038
738.4304  TIB.AATO  569.41T0  569.4076¢ 20.0000  6¢3.1866 0.4276  653.9170
683.1916  $03.1756  530.1T56  530.1685 15.0000  $93.6510 0.4123  606.6756
611.5727  €11.5620  479.5620  4T9.5573 10.0000  535.4977 0.3915  5¢5.5620
$03.5092  S503.3038  404JS038  404.5015 5.0000  %45.3302 B.3549  #54.9038
733.4384  733.4170  S5e9.4170  569.4076 20.0000  899.4831 0.511%  651.4170
678.1916  678.175%¢  530.175¢  530.1685 15.6000  $32.7101 0.4931  604.1736
0S.5T2T  6DS.5620  4T9.5620  479.5573 10.0000  749.1736 D.4669  542.5620
97,5002  49T.5038  404.5038  404.501S S.0000  624.5516 0.4222  451.0038
T28.4384. TZ8.4170 3694170  569.40T¢ 20.0000 1269.4433 0.4157  648.917D
672.1916: 6T2.175¢  $30.17%¢  530.1683 15.0000 1178.0718 D-5925  601.175%
599.5T27  S599.5620  4T9.5620  4T9.5573 10.0000 1057.3319 0.5593  539.5620
492.3092 . 492.3038  404.5038  404.5015 5.0000  876.2063 0.5032  448.5030
721.438¢  T21.4170 569.4170  569.4076 20.0000  1901.0670 0.7630  645.4170
665.1916  665.1756 33041756  530.1685 15.0000 17860.0587 0.7323  59T.6756
S92.572T7  592.3620  AT.S5620  4T9.5573 10.0000 1579.0092 0.4892  536.0620
4BASS082  484.5030  404JS038  404.301S __ 3.0000  1311.6253 0.6158 _ 444.5038

SYSTEM——1M
HM=1.00H, GM=Q,25e0
CUNVECTIVE COEFFICIENT CORRELATICN—-GRIGULL AND HAUF
T11v T10~ T21F T20¥ cm P™ HM ™.
T28.4384 728.4170 5e9.4470 565.4CTo 20.0000 256.8570 D.4344 653.9170
6E3.1616 683.1756 53C.1756 53C. 1685 15.C000  238.2604 0.4177  606.67%6
61C.5727 610.5€2¢C 479.5820 479.5573 10.CCCO 216.4468 0.3941 545.0620
5C2.5092 5¢3.5C28 404.5C38 404.5015 5.€000 178.1321 0.3543  454.0038
T25.4384 725.41170 509.417C 569.4076 20.00GC0 630.7934 0.6725 647.4170
£€5.191¢ te9.175¢ 53C.1756 53C.1685 15,2000 589.8348 0.6440  599.867S6
597.5727 59r.5€2¢ 475.5€2C 4719.5573 1C.0C00 528.5064 0.6049 538.5620
485.5C92 489.5024  4C4.5C38  494.5C1 5.0000  439.6574 0.5385  447.0038
T19.4384 7119.417C %65.4170 569.4C70 20.CCCC 889.8175 0.7883 644.64170
664.1916  €€4.1750 536.1756 530.1685 15.0CC0 822.9148 0-7547  59T.17%6
591.5727 591.562C  479.5¢20  479.5573 16.C000 137.7239 0.7066  535.5620
4B84.5C52 4R& 5038 404 ,5C36 &£04.5015 5.LC00 611.7218 0.6267 444,.5038
713.4384 713.4170 569.4170 569.4076 20.0000  1254.5628 0.9279  641.8170
£657.1916 65T7.175¢ 93C.1756 53C.168% 15.c000 1163.3748 0.8870 593.46756
584.5727 564.5620 475.5620 479.5573 10.CC00  1062.6347 0.8283  532.0620
478.5C52 478.5028 404.5038 404.5C15 5.6CC0 862.0620 0.7311 441.5038
7C5.4384 765.4176 565.4170 569.4C76 20.0000 1877.3348 1.1211 637.4170
€45,1591¢ 649.1756 530.1756 530.1¢85 15.0C00 1736.0581 1.0683 589.6756
57¢.5727 576.5620 479.5620  475.5573 1C.000G  1562.4807 0.9964  528.0620
471.50%2 471.50328 404.5C38 404.5C15 5.CCoo 1292.4451 0.8754 438.0038

SYSTEN—1P

A=) .0ty ON=0.250Q

CONVECTIVE COEFFICIENT CORRELATION-—LIU. RUELLER: AND LANDIS

QRN

17.6162
12.8239
8.2189
3.7026
16.2283
11.7230
7. 3459
3. 1665
15,5552
11.1904
.5891
2.9123
14,8957
10.5666
6+ 44357
2.T7075
13.9950
9.8596
5. M449

23925 )

QRM

16.2283
11.7230
7.2688
3.1665
14.5065
10.2609
6.3008
2.5875
13.742¢
9.7605
S.8748
2.3925
12,9972
9.0786
5.3940
2.1662
12.032¢
8.3255
4.8652
1.9128

2.48¢8
2.109%
1.8308
1.3328
3.8428
3.3547
2.7478
1.8683
€. 6633
3.8809
3,120
2.0878
5.205%
4743
3.5889
2.3548
6.1671
5.25M
1817
2.6195

on

3.903%6
3.3%988
2.7452
1.8635
5.5706
4.7600
3.7959
2.4339
6.2080
5.3777
4.2087
2.6660
7.1052

© 3.9%02

4.6250
2.8770
8.1077
6.7602
5.1398
3.1190

9L1



TLIM

901.8076
837.1912
751.1132
623.7719
891.8076
826.1912
T40.1132
610.7719
88728076
821:1912
73441132
605.7719
88128076
815.1912
72821132
599.7719
873.8076
80741912
72021132
591.7719

T1IF

8sc.ecre
824.1912
738.1132
&C%.7719
87¢-8C76
810.1912
T24.1132
554.7719
£7€.807¢
8C4.1512
717.1132
585.7719
8€3.8076
757.1612
711.1122
583.7719
€55.8C76¢
785.1912
7C3.1132
ST¢.7719

71014

901.7681
837.1616
751.0935
623.7620
891.7681
826.1616
740.0935
610.7620
887.7681
821.1616
734.0935
605.7620
8e1.7681
815.1616
728.0935
599.7620
873.7681
807.1616
720.0935

591.7620 _

TIGr

8456.76E1
&24.1616
T3I8.0635
€CI. 2620
87€.7¢61
813.1¢16
T24.C525
5%4.7¢62C
BIC.TEEL
EC4.1%1e
7:7.C525
58%.7L2C
8¢3.Te8l
767.1c1¢
TL1-C%25
t83.7¢20
e53.74¢l
187.1%41¢
7C3.5%325
57€.TeeC

CONVECTIVE COEFFICIENT CORRELATIDN--LIU,

7211

71627681
667.1616
6063,0935
507.7620
71637681
667.1616
603.0935
50727620
71637681
667.1616
603.0935
50747620
71627681
&67.1616
60320935
507.7620
71647681
667.1616
603,0935
507.7620

CONMVECTIVE CGEFFICIENT CORRELATION--GRIGULL AND HAUF

T21M

716.76861
667.1¢16
603.€535
SCi.T€206
71¢.7€91
eL7.1¢16
6£653.C535
5€7.7¢20
Tle.?edl
enT.lélto
€03.C535
5C7.7¢2C
71£.7¢&61
66T.1€¢16
€03.0535
5CGT.162¢C
716.7T661
66T.1¢186
6€3.C0535
cr7.762€

HR=2.0eH,

SYSTEM--2M

QN=0.63+¢0Q

MUELLERy AND LANDIS

T20H oM PM HM
T16.T444 50.4000 1042.9105 0.4511
667.1438 37.8000 964.1927 0.435%3
603.0816 25.2000 870.5351 0.4163
507.7561 12.6000 724.8206 0.3817
T16. 7444 50.4000 2590.3773 0.7387
667.1438 37.8000 2394.43%4 0.7125
603.0816 25.2000 2150.3076 0.6762
507.7561 12.6000 1794.3305 0.6145
T16.7444 50.4000 3615.4292 0.8846
667.1438 37.8000 3349.2507 0.8524
603.0816 25.2000 3016.5404 0.8077
507.7561 12.6000 2498.3648 0.7301
T16.7444 50.4000 5116.5070 1.0642
667.1438 37.8000 4738.9202 1.02¢4
603.0816 25.2000 4256.2103 0.9675
507.7561 12.6000 3532.2032 0.8719
T16.T444 50.4000 7676.1635 1.3181
667.1438 37.8000 7108.0413 1.2668
603.0816 25.2000 6382.5277 1.1932
507.7561 12.6000 5293.4113 1.0680

SYSTEM—-2M

HM=2.C*H, QM=0.63=0

T2UuM

7167444
667.1438
¢C3.08R16
5C7.75%61
716.7444
667.1438
603.0816
507.7561
Tlt. 7444
66T.1438
6C3.081¢
5C7.75¢€1
716.T444
667.1438
603.C8i6
507.75¢€1
T16.7444
esT. 1438
603.C816
HC7.75¢1

oM

50.4C00
37.80C0
25.2C00
12.6C00
50.4009
37.8200
25.2000
12.6C00
50.4000
37.8000
25.2000
12.6G00
50.40GC
37.8C00
25.2000
12.6CCO
50.40G0
37.8C0C
25.2¢CCC
i2.60060

M

1032.6352
956.8051
859.1684
T13.7220

2564.9308

2369.9669

2125.9139

1770.9610

3583.2722

3317.3661

2977.8522

2464.1702

5063.6277

4686.3533

4187.5236

3469.5308

71579.7708

6992.1202

6279.4951

5190.2144

HM

0.7926
0.7615
0.7185
0.6462
1.2266
1.1744
1.1033
0.9823
1.4378
1.3764
1.2886
1.1433
1.6918
1.6170
1.5098
1.3334
2.0444
1.9474
1.8170
1.5951

THM

809.2681
752.1616
677.0935
565.7620
804.2681
746.6616
671.5935
559.2620
802.2681
T44.1616
668.5935
556.7620
799.2681
741.1616
665.5935
553.7620
795.2681
737.1616
661.5935

549.7620

TMM

803.7681
745.6616
670.5935
558.7620
796.7681
738.6616
663.5935
551.2620
793.7681
735.6616
660.0935
548.7620
790.2681
732.1616
657.0935
545.7620
786.2681
728.1616
653.0935
542.2620

QRM

44,5161
32.8341
20.8351

9.5133
41.2840
29.9982
18.7917

8.1429
40.0212
28.7461
17.7148

7.6387
38.1588
27.2734
16.6641

7.0498
35.7341
25.3598
15.3029

6.2916

QRM

40,9667
29.4946
18.4298

8.0411
36.6356
26.0708
15.9778

6.5723
34.8418
24.6567
14.8040

6.1068
32.7954
23.0465
13.8248

5.5636
30.5167
21.2575
12.5573

4.9506

QlH

5.9172

..52590

4.3684
3.1394%
9.166%
8.033)
6.568%
4.488)
10.7250
9.3079
7.5027

5.0733

12.4499
10.7498
8.5751
5.6873
14.6731
12.5754
9.8982
623611

oM

9.7784
8.4773
6.8776
4.6735
13.9158
11.9072
94659
6.0596
15.6994
13.3698
10.4162
6.64T76
17.6332
14.9049
11.5612
7.1852
20.1490
16.8456
12.8836
T.8038

LLT



T1iN

T16.4326
66441873
597.5698
496.5077
70844326
656.1873
58745698
48645017
704.4326
652.1873
58345698
481.5077
700.4326
64721873
57845698
47645077
694.4326
64121873
572:5698

471.5077

T1IM

707.4326
€54.1873
58£.5658
484.5C77
£5€6.4326
643.1873
574.5¢68
473.5C77
651.4326
£28.1873
570.5658
4€5.5077
LB6.43206
£€33.1273
56445668
464.5077
£76.4326
62641873
558.5668
45845077

Ti0M

T16.4169
664.1755
597.5620
496.5038
708.4169
656.1755
587.5620
4B86.5038
704.4169
652.1755
583.5620
481.5038
700.4169
647.1755
57845620
476.5038
694.4169
641.1755
572.5620

4715038

T10V

707.4168
€54,1755
586.5620
4B4.5028
EGe.altS
043.1755
5T4 5620
473.5C28
esl.alesy
&18.11/55
S10.5¢20
4€9.5C 38
ERO.41EG
633.11755
5€4.5620
4eq.0038
679.41¢69
€26.1755
5544560
458.5C28

CONVECTIVE COEFFICIENT CORRELATION-~-LIU.

T21M T20M QM M HM TMM QR“ ety
569.4169 569.4075 20. 0000 252.9469 0.2256 642.9169 17.7359 2.3509
53041755 530.1685 15.0000 234.9503 0.2181 597.1755 12.9501 2.0727
479.5620 479.5573 10. 0000 211.4026 0.2081 538.5620 8.3599 1.741%
404:5038 404.5015 5.0000 176.7244 0.1908 450.5038 3.8091 1.2449
569.4169 569.4075 20.0000 628.4329 0.3694 638.9169 16.4395 3.640%
53041755 530.1685 15.0000 582.1896 0.3563 593.1755 11.9185 3.1829
47945620 479.5573 10. 0000 524.8056 0.3381 533.5620 T.4274 2.5891
40445038 404,.5015 5.0000 436.7610 0.3073 445.5038 3.2769 1.7865
569+4169 569.4075 20. 0000 879.4615 0.4423 636.9169 15.8075 4.2335
53041755 530.1685 15.0000 814.4953 0.4262 591.1755 11,4167 3.6869
47945620 479.5573 10.0000 733.9848 0.4039 531.5620 7-0674 2.9782
404.5038 404.5015 5. 0000 611.7021 0.3651 443,0038 3.0228 1.9931
56944169 569.4075 20.0000 1241.6325 0.5321 634.9169 15.1863 4.9422
53041755 530.1685 15.0000 1153.5768 0.5122 588.6755 10.8022 4.2491
47945620 479.5573 10.0000 1036.7559 0.4838 529.0620 6.6278 3.3957
40445038 404.5015 5.0000 866.3933 0.4359 440.5038 2.7765 242255
569.,4169 569.4075 20.0000 1860.6329 0.6591 631.9169 14.2741 5.8412
$30:21755 530.1685 15.0000 1728.1939 0.6334 585.6755 10.0834 4.9853
479.5620 479.5573 10.0000 1552.2860 0.5966 526.0620 6.1151 3.9339
40445038 __ 404.5015 5.0000 1287.3353 0.5340 438.0038 2.537%9 225369

SYSTEM-=-2M
HM=1.GC*H, UM=0.258Q
CUNVECTIVE COEFFICIENT CORRELATICN--GRIGULL AND HAUF

T21M T20M CH pM™ HM TMM QRM QCM
569.4169 565.4C75 20.CC00 250.6841 0.3963 638.4169 16.2805 3.8776
230.1755 23C.168% 15.CC0¢C 232.9832 0.3808 592.1755 11.6665 3.3477
479.5620 479.3573 10.06GCC 209.1975 0.3593 533.0620 7.3367 2.7256
44,538 404.5C15 5.0300 174.6834 0.3231 444.5038 3.1743 1.8327
56G.4169 565.4075 20.CC00 622.5314 0.6133 632.9169 14.5755 5.5228
3C. 1735 93C. 1685 1».0G6CC 577.0482 G.5872 586.6755 10.3208 4.7046
47G.59620 479.54513 10.0CCC 519.8689 0.5517 527.0620 6.2842 3.7160
4C4.5C38 434.5CL5 5.5C09 431.79806 0.4912 439.0038 2.6324 2.4029
569,419 56544075 2c.ccec B70.4861 0.7189 630.4169 13.8268 6.2186
53041755 53C. 1685 15.CGGC 808.6313 0.6882 584.1755 9.7315 5.2698
4719.5620 479.5573 10.C000 722.8834 0.6443 525.0620 5.9478 4.1573
4C4.5C38 404.5C1% 5.6¢c00 600.9618 0.5717 437.0038 2.4445 2.6347
565.410% 563.4075% 2C. 30 1227.6597 0.8459 627.9169 13.0941 7.0173
536.1755 53C. 165> 15.0¢00 113%.56597 0.8085 581.6755 9.1559 5.9046
47%.5620 479.5573 1C.0¢CO 1023.0388 0.17549 522.0620 5.4561 4.5495
4C4.5038 404,5015 5.00C90 847.7179 0.6667 424,5038 2.2163 2.8363
505.4169 569.4C75 20.0CCO 1842.5128 1.0222 624.4169 12.0950 7.9726
53C.175% 53C.1685 15.0C00 1706.0631 0.9737 578.1755 8.3727 6.6278
4719.5¢620 479.5573 16.coce 1531.6309 0.9085 519.0620 4-9799 5.0890
40n,.5038 404.5010 %.CCC0 1273.2652 0.7975 431.5038 1.9520 3.0537

HM=1.0eH,

SYSTEM=-=2M

QM=0.25¢Q

MUELLER, AND LANDIS

803 -



SYSTEM--3M
HM=2,0%H, QUM=0.63¢Q

CONVECTIVE COEFFICIENT CORRELATION--LIils MUELLER,; AND LANDIS

T1IM T10M T21M T20M QM PM HM THH 23 Qcv
1007.8533  1007.7681 71637681 T16.7444 50.4000 1111.7215 0.6776 862.2681 43.4203 6.9909
933,2255 933.1616 667.1616 66741438 37.8000 1028.7354 0.6551 800.1616 31.6906 6.1775
83641360 836.0935 6030935 603.021% 25,2000 Y22, 948% 006242 719.5935 25.1620 5.1562
688.7833 688.7620 50747620 507.7561 12.6000 767.0184 0.5716 598,2620 8.9714 3.6673
991,8533 991.7681 71641681 716,7444 50.4000 2747.4598 1.1078 854.2621 39.8018 17.8004
9152255 915.1615 667.1616 667.1438 37.8000  2544.2900 1.0684 791.1616 2844752 9.3935
81641360 81¢,U935 603.0935 603.0816 25.2000 2277.2331 1.012% 709.5935 17.6101 7.66452
667.7833 667.7620 50747620 507.7561 12.6000 1880.5680 0.9169 587,762 7.4882 5.2011
983.8533 983.7681 71647681 T16. 7444 50.4000 3842.0048 1.3268 850.2681 38,0571 12.5588
9NT.2255 907.1616 667.1616 667.1438 37,8000  3551.8059 1.2775 787.1616 27.1057 10.8693
80751360 807.0935 603.0935 603.0816 25.2000 3177.7373 1,2075 705.0935 1625213 8.7328
65747833 657.7620 50747620 507.7561 12,6000 2622.1932 1.0877 582.7620 6.8293 5.7841
973.8533 973.7681 71647681 11607444 50.4000 5426.1802 1.5948 845.2681 35,9351 14.5307
89752255 897.1616 66741616 667.1438 37.8000 5006.9308 1.5325 782.1616 25,4440 12.4963
797.1360 797.0935 603.0935 603.0816 25.2000  4476.1699 124453 700.0935 15,3535 9.9405
647.7833 647.7620 507.7620 507.7561 12.6000 3687.6898 1.2949 517.7620 6.1993 6.6272
96148533 961.7581 71647681 716, 7444 50.4000 8100.7989 1.9730 839.2681 33.4737 17.1374
884.2255 8C4.1616 66741616 667.1438 37.8000 7482.8375 1.8926 775.6616 23,3653 14.5598
784.1360 784.0935 60340935 603.0816 25.2000 6571.5980 1.7776 693.5935 13.8997 11,4068
63547833 63547620 507.7620 _ 507,756l 12,6000 _ 5494.5765 1.5842  571.7620 5,4821 _1.1887
SYSTEM~=3M

HM=2,.C#H, CM=0.63#Q

CUHVECTIVE CUEFFICIENT CGRRELATICN—-GRIGULL AND HAUF

TLt¥ rice 121m T20M CM PM HM THMM ORM QCM
991.8533 551,76t Tle.7681 Tle.T4a44% 50.4C00 1100.397¢6 1.0883 854.2681 39.8018 10,6098
$1¢6.2255 516.1¢£15%6 cbl.lelé €el.1438 37.4C00 1017.5242 1.0460 791.6616 28.6489 9.2336
817.1360 817.0925 €03,053> 603.0816 25.2C00 912.1675 0.9870 710.0935 17.7334 T.4881
£¢8.7833 éeBL.TE2C 507.17¢26 90T7.75¢1 12.6C00 755.1968 0.8870 588.2620 7.5557 5.0630
G7C.85323 570.7¢41 Tie.7¢8l TlEd 444 50.4000 2717.7650 1.6833 843.7681 35,3112 15.1579
86442255 B8S4.1€16 €6T.1¢16 €67.143s 37.8C00 2507.2726 l.61l6 780.6616 24.9562 12.9694
764.1360 764.C525 €63.C593% e€3.0816 25.2€00 2244.9296 1.5127 698.5935 15.0116 10.2433
€45,7823 ta5.T7¢el 507.17¢20 5CT.75¢1 12.6000 1848.4964 1.3435 576.7620 6.0774 6.5730
G€1.8533 Gel.76€1 TlE.TEEL T1€. Th44 50.40C0 3790.7586 1.9736 839.2681 33.4737 17.1419
88442255 ER4.1€10 EeT. 1616 67,1438 27.8C00 3501.5842 1.8870 775.6616 23.3653 14.5172
Te4.13€0 784.0925 €03.0635 603.0816 25.2000 3127.9596 1.7658 693.5935 13.89937 11.3307
62€.78313 E20.T6240 BC . 1620 ©0T.75¢1 12.6000 2569.4537 1.5613 572.2620 5.5403 7.1403
95C.8523 550.7¢281 716.7¢81 TlE Thah 50.4000 5347.3309 2,3221 833,7681 31.2968 19.2638
873.2255 873.1clé€ eeT.1ele cuiela3s 37.8C00 4937.35126 2.2168 770.1816 21,6766 16.1897
774.1360 774.0G35 603.0935 €03.0€&16 25.2C00 4396.6777 2.0686 688.5935 12.8295 12.5407
€2¢.7¥33 t76.7¢2C SGT.7£2¢C 507.7%¢1 12.6000 3622.4712 1.8217 567.2620 ©.9697 T7.6855
926.8533 G36.17¢681 Ti6.7¢81 Tl6.T444 50.4000 7985.8193 2.8019% 826.7681 28.6335 21.8533
8€0.2255 8ed.1¢€1¢ 6eTJlelt 667.1436 37.8000 7352,.4904 2.6688 763.6616 19.7615 18.2602
7€0.136C 766.04%25 63,0635 603.0816 25.2000 6568.5948 2.4830 681.5935 11.3993 13.8203

615.7823 (=3 R A 507.7¢20 5CT.T4¢€!L 12.6000 5391.45606 2.1758 561.7620 4.3728 8.3307




SYSTEM-—-3M

HM=1.00H, QM=0.25%0

CONVECTIVE COEFFICIENT CORRELATION--LYU, MUELLER, AND LANDIS
1M T10M T21M T2uM QM PH HH TMM RY QoM
80044507 800.4169 569.4169 569.4075 20.0000 269.4712 0.3388 684.9169 17.2736 2.774%
74142009 741.1755 530.1755 530.1685 15.0000 249.7641 0.3275 635.6755 12.6029 2.4501
66345789 663.5620 479.5620 479.5573 10.0000 224.8728 0.3121 571.562D 7.9762 2.0359
547.5122 547.5038 40425038 4045015 5.0000 187.2765 0.2858 476.0038 3.5689 1.4489
787.45D7 787.4169 56944169 569.4075 20.0000 666.4273 0.5539 678.4169 15.8014 4.2809
727.2009 727.1755 530.1755 530.1685 15.0000 617.4809 0.5342 62846755 11.3490 3.7309
64845789 64845620 47945620 479.5573 10.0000 553.8901 0.5062 56440620 7.0176 3.033)
530.5122 530.5038 40445038 404.5015 5.0000 459.8308 0+4585 467.5038 2.9663 | 2.0473
780.4507 780.4169 56944169 569.4075 20.0000 933.1644 0.6636¢ 674.9169 15.0383 4.9624
720.2009 72041755 53041755 530.1685 15.0000 863.2476 0.6387 625.1755 10.7486 4.302%
641.5789 641.5620 479.5620 479.5573 10.0000 772.7012 0.6037 560.5620 6.5924 3.4675
52345122 523.5038 404.5038 404.5015 5.0000 639.2204 0.5438 464.0038 2.7345 2.2943
77344507 773.4169 56944169 569.4075 20.0000 1315.7189 D.7974 671.4169 14,2954 5.7670
71242009 712.1755 53041755 530.1685 15.0000 1217.2638 0.7663 621.1755 10.0836 4.9441
633.5789 633.5620 479:5620 479.5573 10,0000 1088.6867 0.7227 556.5620 641232 3.9455
515.5122 515.5038 40445038 404.5015 5. 0000 899.2091 0.6475 460.0038 2.4806 2.5478
76344507 763.4169 56944169 569.4075 20.0000 1966.4444 0.9865 66644169 13.2686 6.7852
70242009 702.1755 53041755 530.1685 15.0000 1818.1917 0.9463 616.1755 9.2833 5.7702
62245789 622.5620 47945620 479.5573 10,0000 1628.0551 0.8888 551.0620 5.5064 4.506)
505.5123 505.5038 404,5038_ __404,5015 __ 5,0000___1342.6080 0.7921 455,0038 2.1795 2.8362
SYSTEM==3M
HM=1.C*H, UM=0.25%C
CONVECTIVE COEFFICIFNT CORRCLATION--GRIGULL AND HAUF
T11M TiCcK Tt T20m [&d5] PM HM ™M QRM QCH
787.4567 T8T.41€69 569.4159 509.4C 75 26.CC00 266.9138 0.5441 678.4169 15.8014 442053
727.2069 727.1755 53041755 530.1685 15.CG00 247.3435 0.5230 628.6755 11.3490 3.6527
649.5 (69 49 5h20 4755020 475.5573 Le.con 221.7544 0.4935 564.5620 7.0794 2.9742
$32.5122 532.5028 4C4.5C 36 404.5C15 5.6C00 183.9281 0.4435 468.5038 3.0343 2.0126
771.45C7 i71.41c9 965,419 569.4675 20.0C00 658.5074 0.8417 670.4169 14,0868 65.0274
71C.2009 710.1755 530.1755 53C. 1685 15.6CON 609.0577 0.8058 620.1755 9.9208 5.1421
632C.5789 630.5620 475,520 415.5513 10.CG00 546.9497 0.7564 555.0620 5.9517 440491
513.5122 513.5018 404.5C38 404.5C15 5.C000 451.4703 0.6718 459,0038 2.4190 2.5958
763.4507 763.41€5 569.4169 569.4075 2€.CG00 920.1951 0.9868 666.4169 13.2686 65.7868
7€2.2C05 7C2.1755 530.1755 53G. 1685 15.06C0 850.8205 0.9435 616.1755 9.2833 5.7534
623.5789 623.5620 479.5620 479.55173 10.0009 760.1458 0.8829 551.5620 5.5611 4.5072
5C6.5123 506.5028 404.5C38 404.5015 5.0500 627.2878 0.7806 455.5038 2.2089 2.8229
755.45C7 755.41€9 569.4169 569.4075 20.0600  1296.1533 1.1611 662.4169 12.4757 7.6561
654.2C09 £54.1755 530.1755 53C.1685 15.€C09  1197.6123 1.108% 612.1755 8.6671 6ebbbd
€14.5789 614.5620 479.5620 475.5574 10.CC00  1072.0289 1.0343 547.0620 5.0779 4.9503
458.5123 458.5G18 404.5038 404.5C15 5.0G00 884.7708 0.9109 451.5038 1.9791 3.0355
144.4507 T44.4169 569.4169 569.4C75 26.6G00  1935.3652 1.4010 656.9169 11.4258 8.6916
6£3.2C09 683.1755 53C.1755 530.1685 15.0000 1736.9534 1.3344 606.6755 7.8540 7.2379
€C4.5769 6C4.5620 47$.5620 479.5573 10.CC00 1596.0149 1.2415 542.0620 4.5653 5.5017
489,5123 489.5024 4C4.5038 404.5615 5.C009  1319.0020 1.0879 447.0038 1.7336 3.2783




APPENDIX F

7040 COMPUTER PROGRAM FOR EXPERIMENTAL

DATA ANALYSIS

181



182

7040 COMPUTER PROGRAM FOR EXPERIMENTAL

DATA ANALYSIS

This program was used in conjunction with the least square curve
fit program to establish the empirical correlations for the convective
film coefficients, A correlation of the form Nu = A(Gr)xey was estab-
lished for horizontal cylindrical annuli and another of.the form
Nu = B(Gr)z was established for vertical cylindrical annuli, In
establishing these correlations it was necessary to obtain the loga-
rithm of the Nusselt and Grashof numbers. These values were obtained
from the program listed below, After the logarithm values were
obtained, a curve was fit to log Nu vs, log Gr through the use of the
program listed in Appendix D, This permitted the evaluation of the
constants in the correlations, ALl necessary instructions to use the

Experimental Data Analysis Program are stated within the program,



- ANALYSIS OF EXPERIMENTAL DATA FOR MCDEL AND PROTOTYPE.

T20 = QUTSIDE TEMPERATURE OF QUTER CYLINDER.
T2l = INSIDE TEMPERATURE OF OUTER CYLINDER.
T10 = OUTSIDE TEMPERATURE OF INNER CYLINDER.
T1l = INSIDE TEMPERATURE - OF INNER CYLINDER.
D20 = QUTSIDE DIAMETER OF OUTER CYLINDER.
D21 = INSIDE DIAMETER OF OUTER CYLINDER.

D10 = QUTSIDE DIAMETER OF INNER CYLINDER.
Dll = INSIDE DIAMETER OF INNER CYLINDER.

Q@ ="HEAT TRANSFER THRU CYLINDERS.

EL = LENGTH OF CYLINDER.

P = PRESSURE OF FLUID IN.PSIF,

TG = THERMAL CONDUCTIVITY OF GAS.

H = CONVECTION COEFFICIENT

GR = GRASHOF NUMBER. :

Tw = CHAMBFR WALL TFMPFRATURE.

SIGMA = STEFAN ~. BOLTZMANN CONSTANT.

EPSON = EMISSIVITY,.

R = GAS CONSTANT.

G = LOCAL ACCELERATION OF GRAVITY.

TS = THERMAL CONDUCTIVITY OF SOLID.

QR = RADIATION HEAT TRANSFER BETWEEN CYLINDERS.

QC = CONVECTION HEAT TRANSFER BETWEEN CYLINDERS,

NU = NUSSELT NUMBtR.
ROW = DENSITY.

51 FORMAT(6F1245)

52 FORMAT(E16.8)

53 FORMAT(F1648)

54 FORMAT(64F1245)

55 FORMAT{3Fl4e5)

58 FORMAT(9F1245) . '

60 FORMAT(ex,ZHoR.1ox.2Hoc.1cx.1HH,11x.2HNu.1ox,2HGR 10X s 3HROW » 9X o
11HXs11Xs1HY s 10X s2HATV)

70 FORMAT(1HI1)
WRITE(6+70)
READ(5951)TW’DZOoDZI’DIOoDlIoTJ
READI(5+54)FPSONYELSRSG :
READ(5452)SIGMA
"REAL NU.
TV=0s0 ' .

4 READ(5454)0+P»T105T2C
A20=3416415927%D20*EL
Al0=3,14615927%D10*EL
A21=3, 1415927*DZI*EL
TV=TV+1 0
T20=(Q/ (SIGMA%EPSON*A20) +TWH%4,0)# #0425
ZLOG=ALOG(D20/D21)
T21=(GQ/(2e0%341415927#TS*EL )} )#ZLOG+T20
TM=(T10+T211/2.0
A=0435145532E-03
B=0e32061684E-04
C=-0,10027234E-07
D=0e22337353E-11
TG=A+R*TM+C*TM*#2, 0+D#*TM*#3 4,0
UM=TM#%1e5/(375,0%TM+77700,0)
DELTA=(D21=D101/2.0
BT=(1e0/EPSON-140}#(140+A10/A21)+140
GR=ALO#SIGMA*EPSON/BT# (T10%##4 ,0=T2[%%440)
-QC=0-0R
H=QC/(ALO*{T10-T2I))
NUsH#DELTA/TG
DTM=T10-T21
GR=P*#2 .0/ ((R#*%2,0) % TM##3,0) ¥G#DTM*DELTA#%3,0/UM* %240
ROW=P/(R*TM)
X=ALOG (NU)
Y=ALOG(GR}
WRITE(6460) :
WRITE(6'58)QR’QC,H'NUoGR ROWaXaYoTV
IF(TV=640) 4511,11

11 STOP .
END

SENTRY

$IBSYS

la¥aXaXalaNaNaXaXaXatataXaXaXaXakaRaXaxakakataRaXa
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SOURCES OF ERROR

The accuracy of predicting prototype temperatures from observed
model temperatures was affected by uncertainties associated with two
distinctly separate phases of this investigation. A portion of the
pverall error was introduced during design and construction of the test
>sections. Additional uncertainties were introduced during the experi-
mental program and these were associated with random or systematic
experimental errors. Since the overall accuracy was affected by these

two independent sources they are treated separately in this appendix.
Design and Construction Errors

The design of the test sections used in this investigation was
performed as much as possible in accordance with the modeling criteria,
Thus, variations in thermal properties of materials, radiation proper-
ties of surfaces, dimensional tolerances, and thermal behavior of joints
were controlled or eliminated during the design and construction phase
of this investigation.

Slight geometric distortion was permitted on the ends of the
inner cylinders and the gas fill line. These distortions were located
within the guard heater sections. Thus, they had little effect upon
the thermal behavior of the center portion of each test sectioen during
the steady-state investigation., Under transient conditions the error
was more because of the erergy stored in this extra mass of material.
Nevertheless, this had little effect upon the thermal behavior of the

center portion of each test section.
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Errors Due to Thermal Variations in Properties

The variations in thermal properties of the solid components were
considered in developing the similarity parameters for models and
prototypes constructed of the same material. For Technique I, these
variations presented no problem since the model and prototype were at
the same temperature. Variations in thermal properties existed during
tests performed to satisfy the Zero Surroundings Technique. These
variations resulted from model temperatures being higher than prototype
temperatures.

For the Zero Surroudings Technique, the effects of variations in
thermal properties on the predicted thermal behavior of prototypes were
estimated utilizing thermal property data reported by Lucks and Deem
[33]. The variations in the thermal properties of 6061-T6 Aluminum
are listed in Table XXIII. From the data listed in this table, the
constants a, b, ko, énd C_ in the expressions were established.

These constants are also lzsted in Table XXIII.
k=koTa

c = C Tb

Py

TABLE XXIII

COEFFICIENTS FOR THERMAL CONDUCTIVITY AND SPECIFIC HEAT

k C
P

Material 273°k  360°k 273°%k 360k  a bk c
(o]

6061 Al 0.41 0.42 0,230 0,237 0.07 0.11 0,025 0.075
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An estimate of the error‘produced by assuming constant thermal
properties was obtained by selecting a typical model temperature of
650°R and applying the Zero Surroundings Technique similarity para;
meters, For one-half scaling, the protot&pe temperature was 516°R for
constant thermal properties and 513°R for variable properties. The
time required for the prototype to reach a selected thermal level, for
a model time of 50 minutes, was 200 minutes for constant thermal prop-
erties and 197.8 minutes for variable properties. A list of the con-
trolling similarity parameters for constant and variable thermal prop-
erties is given in Table XXIV. The results of this analysis illustrate

that variations in thermal properties had little effect during this

investigation.
TABLE XXIV
SIMILARITY PARAMETER VARIATTONS WITH
VARIATIONS IN THERMAL PROPERTIES
Parameter . Constant Thermal Variable Thermal
Properties Properties

%*

T 1.26 1,267
9 0,25 0.253

q 0.63 0. 644
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Since the percentage of alloying elements in a particular mate-
rial is different for each batch from a particular manufacturer‘or for
materials with the same alloy specifications from different manufac=-
turers, there was a possibility that the model and prototype had
slightly different thermal properties, Miller [;4] pointed out that
these variations could cause errors in predicting the prototype temper-
atures from observed model temperatures, These variations may be
accounted for by measuring the thermal properties of the material, In
this investigation these properties wére pot measured but the same

material was purchased from the same manufacturer,
Experimental Error

The accuracy of the experimental measurements performed during
model tests was govgrned by the same sources of error as the accuracy
achieved during full-scale testing, For the tests comducted in this
investigation the major sources of error were in temperature measure-
ment, control of input to heaters, and pressure measurement, An esti-
mate of the probable experimental error can be obtained by considering

the accuracy of each of these independent contributing sources,

Temperature Measurement

The thermocouple output was measured with the following accuracy:

Steady-state readout accuracy » T 0,250R
. + o

Response uncertainty - 0.50 R

Thermocouple calibration 3 0.50°R

Estimated maximum error for steady-state + 0,750R
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Power Input

The power imput to the main heater was measured with the following

accuracy:
Power readout accuracy 1 0.12 watt
Power variations due to voltage fluctuations 1'0,08 watt
Estimated maximum error f'O.ZO watt

Pressure Measurement

The gas pressure in the annulus was measured with the following

accuracy:

Pressure readout accuracy ¥ 0.012 psi

Effect of Error in Power Input on Temperature

Errors in measurement on control of power input were directly
related to errors in test section temperatures, Since the energy input
to the test sections was in balance with that emitted to the surround-
ings (during steady-state), then variatioms in energy input were re-
lated to variations in overall model temperature through the 4th power
of absolute temperature, For certain loczl regions in the test sec-
tions, this dependence does not apply simce convection plays a strong
part in distributing the energy to other regions, In these regions a
change in energy rate causes a change in temperature with other than
4th power dependence, 'The exact dependence was not established iﬁ
this investigation for these regilons, Therefore, the 4th power de-
pendence was used in obtaining an overall estimate of error, Thus,

it was assumed that
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A
k AE = A(1), (@=1)
where
AE = small variation in power imput
k = constant
ZK(TA%-= small variation in 4th power of test section

temperature,

The thermal error caused by power measurement or control can be

expressed by

=

=AT ©-2)
T .

>
=

For E = 20 watts and the measurement errors estimated above, the

result is

Estimated maximum error due to power AT = T 0.0025
measurement or control T

o
For a model inner cylinder temperature of 600 R, the following

estimated overall maximum errors could have occurred:

Technique I

"+

o
Estimated maximum error for steady-state 2,25 R

Zero Surroundings Technique

0
Estimated maximum error for steady-state * 5,00 R
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