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FOREWORD

The work reported herein was done at the request of the National
Aeronautics and Space Administration (NASA), Marshall Space Flight

Center (MSFC), Huntsville, Alabama, under Program Flement
65402234,

The results of this test were obtained by ARO, Inc. (a subsidiary
of Sverdrup and Parcel, Inc.), contract operator of the Arnold Engi-
neering Development Center (AEDC), Air Force Systems Command
(AFSC), Arnold Air Force Station, Tennessee, under Contract
AF 40(600)-1200, The test was conducted from June 1 to 15, 1965,
under ARO Project No. SA0412, and the manuscript was submitted
for publication on January 4, 1966,

The author wishes to acknowledge the assistance of Billy P. Jones
and James K. Harrison of NASA-MSFC for their work in developing
the modeling relations used in the test body designs,

This technical report has been reviewed and is approved.

William D. Clement Jean A, Jack
Major, USAF Colonel, USAF
AF Representative, AEF DCS/Test

DCS/Test
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ABSTRACT

Thermal modeling was performed with a flat plate, sphere, and
cylinder. These aluminum bodies were located in a relatively close
array, Electrical resistance heaters in the plate and sphere provided
the external heat sources. The temperature distributions on the body
surfaces were small enough to permit an isothermal assumption. A
theoretical design analysis of the system was conducted and is dis-
cussed. Chamber testing consisted of eight continuous hours of 2-hr
intervals of heating and cooling cycles in a pressure range of 10-7 torr,
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Ckj Thermal conductance between bodies "k' and "j",
Btu/hr

Cp Specific heat of material, Btu/lb-°R

d Heater plate thickness, ft

Fij Geometrical shape factor

h N Cylinder length, ft

L Heater plate length, ft

qj Input heat to body "j'", Btu/hr

Ry Thermal radiation resistance between bodies "k'
and "j", Btu/hr

T Inside sphere radius, ft

r9 Outside sphere radius, ft

r3 Inside cylinder radius, ft

ry Outside cylinder radius, ft

S Solar constant, 442 Btu/hr-ft2

Ty Temperature of body "j'", °R

Tk Temperature of body k", °R

t Time, hr

W Heater plate width, ft

@j Thermal absorptance of solar irradiation

Bj, ¥js

65> 73

0, ok, Scaling proportionality constants

Ajs W,

“kj» Pkj

SUBSCRIPTS

i, k Bodies

* Model nomenclature

vi
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SECTION |
INTRODUCTION

The purpose of work in thermal similitude is to develop and
evaluate modeling relations and techniques for application in scaling
spacecraft and equipment. Usually, parallel developments of scaling
relations approach similar end results. However, some techniques
are more adaptable to a particular configuration than others. Gen-
erally, in actual scaling work, the more parameters and conditions
that may be preserved between the prototype and model, the less
difficult the job. Also, test result accuracy may be improved with
the conservation of individual scaling parameters.

It is very unlikely that a complex spacecraft will be scaled in its
entirety, However, component systems may be extracted and studied
if their immediate environment can be reproduced. Conditions can occur
such that bodies located relatively close to each other exhibit distinct
independent temperature characteristics, These bodies may have only
minor temperature gradients over their continuous surfaces. Therefore,
it is desirable to scale isothermal bodies undergoing transient tempera-
ture conditions,

The following work is concerned with the study of isothermal beodies
with internal cycled heat sources. This work was performed in con-
junction with a thermal modeling program at Marshall Space Flight
Center, Huntsville, Alabama. The testing was conducted in the Aero-
space Research Chamber (7V), AEDC.

SECTION I
APPARATUS

2.1 AEROSPACE RESEARCH CHAMBER (7V)

The ARC (7V) is a horizontal, stainless steel, cylindrical vacuum
chamber, 7 f{ in diameter and 12 ft in length, Fig. 1. The chamber
pumping system consists of two parallel networks of 32- and 6-in.
diffusion pumps in series, backed up with a mechanical forepump. A
liquid-nitrogen (LN2)-cooled shroud completely lines the chamber,
providing a 350-ft2 heat sink at 140°R.
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2.2 TEST CONFIGURATIONS

The prototype and model test arrays consisted of an aluminum flat
plate, sphere, and cylinder (see Fig. 2), The bodies were located in
a close group but not in physical contact with each other. Heaters were
located in the plate and sphere, Fig. 3. The plate heater was a resist-
ance wire embedded in the plate rear surface. The spherical heater
was a resistance wire wrapped on a bird-cage-type frame. The heaters
used a-c¢ power which was controlled with variable transformers. The
linear dimensions and thermocouple locations of the test articles are
shown in Fig. 4.

The surfaces of the test articles were coated with lamp black to
minimize specular effects,

The test body temperature distributions were monitored with copper-
constantan thermocouples peened into the body surfaces. The flat] plate,
sphere, and cylinder contained 10, 16, and 6 thermocouples, respec-
tively. The thermocouples were arranged in a symmetrical pattern over
the body surfaces, The thermocouple output signals were recorded on a
digital recorder. Chamber installation of the prototype and model arrays
is shown in Figs, 5 and 6.

SECTIOR Il
THEORETICAL DERIVATIONS

The theoretical development of the following relationships repre-
sents work that has been conducted on isothermal segments {see Ref, 1).

The summation of energy exchange on a body of uniform tempera-
ture in a nonconvective environment may be expressed by:

Prototype
CjAT; o o . ‘ s
;Al i l:2=l Cxj (T -T)) + kél Rkj (Te =T5) + q; + Aj a;§ (1)
k£ j k#)
Model
Ci'AT, n : n .
- Lo (M-T) ¢ 2 ORT(TE =Ty + g+ A TeSsT (2
At* k=) ¥=1 ]
k# § k#j
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For definition of similarity between prototype and model, the following
relations must be written:

Tj = BTy Tk = &, Tk
4 = v;q, Gy = NG
A = BiAfT L= ot
& = nja Ckj = ;€K
S = 05" Rij = py;Rj
where (*) denotes model and where jandk =1 --.-. nand k £ j, and

,Bj. Yi Bj. Mjr 6, b )\j, @, pjr Pkj are proportionality constants and
are normally unequal.

Substitution of these relations into Eq. (1) and grouping the scale
factors, a relationship is developed of the form:

Il\ﬁ Cj‘ Tn n . . i . o
(_ : a;) A,’. = k§=\'1 {(#kj¢'k)Tk - (-“klﬁj)Tj }ij + k§=:1 {(ij &y ) Tk
kEj k#)
- (Pk] ﬁ])Tj }Rkj‘ + (Yj) q; + (5]-77]-9] Ajs*S* aj* (3)

Then if Eq. (3) is identical to Eq. (2), which must be the case for
similarity between prototype and model,

Aj B 3 .
2 ij¢’k = #kjﬁj = ij¢k = ijﬁj =Y = 5]7)]5

If each term is normalized with every other term of the system,
the following 21 similarity ratios are developed:

aj Ajs St _ a“*AiB’ Sttt Rijjal ) -RkJ*-[,jax t*
»
C,T, c,*r,* C; o
Cyj Tyt Ck]* T " gj t qj" t*
= * = ¥ »
C,T; Cy* T;" G,T, C,' T,
Cyjt - Cki’ t* Cy; Ty _ ij*Tk*
- = * , Be o*
(o c;* a, A;® S o A% S
- »
Ry, Tt Ry" T CoT, _ Gy Ty
= [ *, 8% o
C;T; Cj“']‘j" aj Aj 5 a; A;7" 8



AEDC-TR-66-21

Ryj Ty Ry,* Te** RijTi'  Ry"T
a; Ais S athJsO s* ChTi Ch‘.‘ Tj'
Rej T, Ry"T,* Rej T Ri" T3
aj A;° S @4, st Cxj Ci;*
»
9j qj *
a; Ai® S N A st 5 = qlt *
1w . Cy T, Cij~ Tj
T »
Tl‘J - '[-J * T’ i L
k k Tk‘ Tk“
Rk]Tk3 Rh'Tk“ -
= = q;l _ q;
Cyj Cyj Rijk‘ HH*Tk“
Rij,' Rh*Tj" *
C T e T - =
k Tk ki Uk Rej Ty Rkj‘Tj‘i
95 _ 9"
Ci, Ty Cy)" Ty*

For the investigation presented in this report, the temperature,
material, and surface conditions were preserved between the prototype
and model. The external dimensions of the model were one-half the
prototype. The heat source was an internal resistance heater located
in the plate and sphere, With these conditions, the following statements
are permitted (See Table I):

L* = {1/2)L Fij* = Fy;
W = (1/2)W h* = (1/2)h

"'[‘.t = Tj ¥ = ]
j {pc, )i* = {rc, ),

r,* (1/2)r,

1]

th o=t

r,* (1/2)r,

These requirements demand that some distortion be made in the
model minor dimensions. If no solar energy is present, the following
set of independent ratios may be selected from the 21 ratios listed:

T, oA, Tt RTit gt
Ty ' c, . C; Y C;T,
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With these relationships and the previous modeling conditions,
it is determined that

d* = d
b* = b
Fo r 2'1/2 r
ra*zk-\—/-a-=3,0<K<1,K=[l_1/2 (JT:')] 9'#)1
, 4
0* =1, 0<K<l, K=2]2-(Z] ,2>1
4 1/, B
q* = (1/4) q,
q,* = (1/4} q,

From these relationships (summarized in Table I) the models
were designed. Actual dimensions of the prototypes and models are
listed in Fig. 4.

SECTION IV
PROCEDURE

The prototype testing procedure consisted of eight continuous hours
of cyclic heating of the test body array. Two~hour intervals of on and
off heater operation were conducted.

Prior to testing, the chamber was evacuated to the mid 10-4 torr
range with the mechanical and diffusion pumps, The test was initiated
by energizing the heaters and LN2 liner simultaneously. The power
levels of the plate and sphere heaters were set at 1053 and 400 w,
respectively.

The model test was very similar to the prototype, The particular
difference was the heater input power level. This parameter was modi-
fied in accordance with the modeling relations, Table 1.

The testing environment of the prototype and model was 10-8 torr
pressure and 150°R surroundings.

SECTION v
RESULTS AND DISCUSSION

Representative transient temperature data from each test body
are plotted in Fig. 7, The additional thermocouples exhibited very
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similar characteristics but were not plotted for purposes of data
representation clarity,.

Deviations did occur between the prototype and model data. These
variations seem to be most prevalent in the cooling part of the cycle.
The largest deviation occurred on the rectangular plate, which was a
maximum of approximately 13 percent,

There are two probable reasons for this occurrence. When
fabricating the plate and heater, electrical insulating cement was used
for fastening the heater wire in the plate. The volume of cement to
be used in the model was scaled in accordance with the scaling rela-
tions. However, this quantity was insufficient for the heater to func-
tion satisfactorily. Additional cement was used, changing the ratio
of the thermal capacitance between the prototype and model. If the
thermal capacitance was increased in the model, a slower cooldown
rate would occur. This appears to be what happened in this test. The
other possible cause of error may have been the uncooled area of the
chamber around the diffusion pump inlets. This is a 20-in, -wide
strip which extends the total length of the chamber. As the model size
is decreased, the configuration factor is increased between the model
and the uncooled area. This would have decreased the rate of energy
exchange because of the high temperature of the chamber wall and
would have produced a higher stabilization temperature. There may
be additional phenomena contributing to this difficulty. However, it
is believed the two reasons discussed encompass most of the problem.

SECTION VI
CONCLUSIONS

The results of this study verify that thermal modeling can be per-
formed if the time and the model material, surface conditions, and
geometric shape, are similar.

Since the scaling of time is usually an important asset in model -
ing, the effectiveness of this approach might be questionable in some
applications. For other situations this technique could possibly be an
effective method.
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Fig. 2 Prototype and Model Test Bodies
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