i

NASA CONTRACTOR
REPORT

NASA CR-500

=

DISTRIBUTION STATEMEMT A
Approved for Public Helease
Distribution Unlimited

DESIGN CONSIDERATIONS FOR

THERMOSTATIC FIN SPACECRAFT M
TEMPERATURE CONTROL

by J. A. Wiebels, C. A. Morgan, and G. J. Kneiss

propared b |

= 20020319 129

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION o  WASHINGTON, D. .« MAY 1966




NASA CR-500

PESIGN CONSIBERATIONS FOR THERM@STATIC FIN SPACECRAFT
TEMPERATURE CONTROL

By J. A. Wiebelt, C. A. Morgan, and G. J. Kneissl

Distribution of this report is provided in the interest of
information exchange. Responsibility for the contents
resides in the author or organization that prepared it.

Prepared under Grant No. NsG-454 by
OKLAHOMA STATE UNIVERSITY
Stillwater, Okla.

for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

For sale by the Clearinghouse for Federal Scientific and Technical Information

Springfield, Virginia 22151 — Price $2.00




INTRODUCTION

‘A passive-active thermal control system for use on spacecraft was described
and analyzed in the previous two contractor reportsJNASA CR-91 and NASA CR-155
(ref. 1,2)., JThis control system is shown [in Figure ljffand consists of a finned
surface which has fins made of thermostatic material, The basic concept of opera-
tion of the control system is that the fins will react to their local temperature
causing a variation in the ratio of the solar absorptance to the terrestial emit-

)
tance, i _% KN Lo /ﬂ 3~
Two fin positions describe the limits on the ¢ /e ratio which may be
obtained, These two positions are shown in Figure 2, In the open position
the as/e ratio depends on the spacecraft surface coating and the coating on
the imnef surfaces of the fins. For the closed position, the o_/e_ ratio
. st
depends on the coating used for the back or outer surface of the fins. One other

controllable variable in the limiting value of the ac/et values is the fin spac-
ing ratio H/W as shown in Figure 1, -

Analysis of the groove formed by the fins' inner surface and the spacecraft
skin when the fins are in the open position was reported in NASA CR-91 (ref. 1)
assuming that the skin coating is a diffuse reflector and the fin inner surfaces
are specular reflectors. These results are shown in Figures 3, L, and 5 for three
values of H/W° In order to present this information in the most usable format
the ratio of the effective reflectance Pe to the reflectance of the skin coating
p is shown as a function of solar polar angle ® (see Figure 2) with the fin
inner surface reflectance, pyr as @ parameter, Since this is the typical posi-
tion of the fins when in sun irradiation, the curves may be used to determine the
solar absorptance for various combinations of base coating, fin coating, and fin
spacing ratio, Figures 3, L, and 5 were prepared assuming the length of the groove
formed by the fins and the spacecraft skin was infinite. In order to assess the
effect of a finite length for the groove, similar curves are presented from NASA
CR-155 (ref. 2) in Figures 6 and 7 for ratios of length D (see Figure 1) to fin
height H equal to 5 and 25,

In the fin open position, the terrestial emittance is also required. This
quantity was also reported in NASA CR-155 (ref. 2). 1In this case the emittance
factor was defined rather than the effective emittance. In this analysis the
emittance factor was defined as the ratio of all the energy leaving a finite length
groove to the energy which would leave a black surface which had an area equal to
the spacecraft skin area. Since energy is also emitted by the fins, the emittance
factor can be a value larger than unity. However, this is the quantity required
by a designer, since the energy flux leaving the spacecraft skin is normally
required, The results of these calculations are shown in Figures 8 and 9 with
emittance factor plotted as a function of fin inner surface reflectance with the
spacecraft skin coating emittance as a parameter. In these two sets of curves it
was assumed that the spacecraft skin temperature and the fin temperature were
equal, This assumption is not valid but may represent a reasonable approximation
for this case.

The other limiting value of the « /e ratio would occur with the fins in
the closed position as shown in Figure 2 - part b. When in this position, the
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(a) Fins Open (b) Fins Closed

Figure (2) Extreme Positions of Fins,

entire spacecraft skin is shielded by the infinite length fins and may be effec-
tively shielded in the finite length case by end closures, Since this position

occurs primarily with no solar irradiation, the terrestial emittance is the pri-
mary variable required for analysis, This value is considered in the next sec-

tion,

Emittance of Fins in Closed or Partially Closed Position

When the fins are in the closed or partially closed position, the back sur-
face of the two fins at a given position forms a V-groove, This V-groove has a
maximum total included angle © of 60° (see Figure 2) when the H/W ratio is one.
For other H/W ratios the maximum angle will be greater or smaller than 60°; how-
ever for practical geometries, they are most likely to be less than 60°. When
in the closed position, the fins approximate a specular V-groove enclosure since
the radius of curvature for the fins is large compared to fin length. Fin mate-
rial as supplied has a smooth rolled metal surface which for the long wave emis-
sion to be considered is more nearly specular than diffuse.

An analysis of specular V-groove surfaces for absorptance has been presented
to NASA by E. M. Sparrow and S. H., Lin (ref. 3). The results presented in this
paper were not of sufficient range for use with highly reflecting materials or
for groove angles less than 30°. For this reason the analysis was extended result-
ing in the following two expressions:

for égg— even, with n = E%Q—

0 n-1
L 2 <} - cos 2:) Ej k. 0

l n
@, = —5 p sin k 5 + 5P (1)
sin = =1
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and for 5—%9— odd, with n = % <5—29— - 1>

sin k E (2)

2(1-cos2> Ep

sin =

Equations (1) and (2) are to be used only for the cases of 360°/6 an even or
odd integer and for infinite length grooves,

The value of the apparent absorptance given in equations (1) and (2) can be
interpreted as the apparent emittance if the value of the reflectance p 1is
replaced with 1 - ¢ where ¢ is the emittance of the surface of the V-groove,
In this case the meaning is that the area of the top of the groove or the groove
opening will have an effective emittance as given if the walls of the groove are
at a constant and uniform temperature T. The results as given by equations (1)
and (2) are plotted in Figure 10.

Apparent Emittance of Specular V-Grooves
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SUGGESTED DESIGN TECHNIQUE

It will be assumed that the spacecraft designer has available the following
design criteria:

1. Energy flux to be radiated to space qg in Btu/hr - £t
2. Spacecraft skin temperature TS in °R

2
3. Solar constant GS in Btu/hr - ft .

Of course, any or all of these may be variable during a mission. It is recom-
mended that the expected values be searched and from the expression

qg
e; = (3)

4
T
9 %s

the largest value of e' be determined. This value of e' will be one limit

which specifies the material coatings required for the spagecraft skin and fins,
As shown in NASA CR-91 (ref, 1)

e'=€t'°‘s< - ) (&)

so with e' maximum known and G maximum known, the terrestial emittance and

solar abso%ptance values are relafed. From the known types of base coatings
available (white paints of various types) the values of e and og for possible
coatings may be used with Figures 3 through 9 to determine the reflectance required
for the fin inner surface. Conversely, for known coating materials, the figures
plus equation (4) may be used to determine the spacecraft skin temperature T

when the fins are wide open,

Thermal Model of Thermostatic Finned Surface

In the overall thermal analysis of a spacecraft, a thermal model is usually
required for each element of the system. The thermal model for the finned sur-
face may be determined as follows. It is assumed that thermal conductance and
thermal capacitance are the values required for the model.

The geometry for the calculation of the conductances of the inner surfaces
is shown in Figure 11. The following assumptions were made:

(a) The system has infinite length normal to Figure 11,

(b) The fins are specular reflectors and diffuse emitters.

(c) The base or spacecraft skin is a diffuse reflector and a diffuse
emitter,

(d) The fins have a straight profile rather than a curved profile.

12
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Figure (11) Geometry for Inner Surface Conductances.

(e) The base and fin temperatures can be represented as a uniform and
constant value, i.e., each surface can be represented as a single
temperature node,

In the usual thermal analysis the energy exchange between two nodes in the
system is expressed as q,, = K,. (T, - T.), where K,. is the conductance
1] 1] x J 1]
between the two nodes. For this model the energy exchange between nodes will be
by both conduction and radiation. The conduction transfer is relatively well
known and will be considered last. For the radiation transfer, the basic method

of H. C. Hottel was used, This method uses 4 = jij A, (Ebi - Ebj) for the

radiant energy exchange between surfaces. 1In the expression 31' is the radiant

exchange factor, A, is the surface area of surface i, and L is the
total emissive power of a black body at the temperature of surface i. By
equating the linear conductance equation and Hottel's expression for qij’ the

conductance for radiant exchange is given by equation (5),

Ry = 3540 <T12 + Tj2> <Ti + TJ.) (5)
13




In equation (5) the only quantity which must be obtained for most thermal analyses
is gij or the Siin product.

Evaluation of '?ij for the Thermal Model

The evaluation of ;?i' for a specular system was done using the image method
as presented by Eckert and’J Sparrow (ref. 4) using a two bounce or two image
limit. This analysis could be made more accurate by using more images but the
increase in accuracy is not justified considering the lack of precision in prop-
erty evaluation,

For the two bounce approximation the fin system of Figure 11 with two images

is shown in Figure 12, 1In this case the two opposed fins are numbered 3 and 3

Figure (12) Fin System with Two Images.

respectively to indicate the method of analysis. The basic quantities required
to obtain the ’?ij values are the irradiation equations following.

G2A2 = EsAs [Fsg + pé F3'2 + p5p3 F3"2]
+ E3A3 [Fée *opy Fa'2 t o ps Fé"z]

+ Johz [ps F3'2 + oz Fata + pyps Fana + pypg qugj (6)

GzAz EzAg [bé F3'3J + E3A3 [Fés + pap3 F5"3]

+ Johe [FZS *p3 Fa's + pap3 F2"3] (7)
14
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GsAs = EzAg I:FSS + p3 F3'5 + ps3p3 FS"S_‘
+ EsA3 [ng + ps F315 + pap3 Fé”s]
+ J2Az [Fzs + p3 F3's + p3 Fo's + pap3 Fas + pap3 F2"SJ (8)

where

i is the irradiation of surface 1i.
i is the total emissive power of surface i,
pj 1s the reflectance of surface 1.

1 is the diffuse configuration factor from surface i to surface j.
Equations (6), (7), and (8) can be written in a much more compact form if the
multipliers of the EiAi and JiAi terms are denoted as Fij tot? where i
represents the radiating node and j represents the irradiated node, e.g., in
equation (6)

Faz tot = Faz + p3 Fgto T p3p3 Fauz

would be used, Rewriting equations (6), (7), and (8) in this form results in the
following irradiation equations:

GzA> = EgAg Fao tot T E3A3 F32 tot t J2A2 Foo tot (9)
GsAz = EgAg Faz tot + E3A3 F33 tor + J2A2 Fa3 tot (10)
GgA; = EgAg Fas (o + E3A5 F35 o + J2Az2 Fos tot (11)

Evaluation of the script #F or radiant transfer functions was accomplished
using the net heat transfer equations as follows. The basic equations for energy
transfer are given as either

"A, = GA, - J.A, 12
qJ ] J ] J 3 (12)

or "A, = .G.A, - E.A. 1
9573 R R B B (13)

If q,. is to be evaluated, equations (12) and (13) may be used with surface i
an enetgy source and all other surfaces receivers. This is accomplished

15




analytically by setting Ebi = 1,0 and all other Eb values at zero., For example:

= " = -
a5 af 14 .?iin (1.0 - 0.0) (14)
" = _
and af ;84 ¥ G.A; - EA, (15)
where GiAi is determined using Ebi = 1.0 and all other Eb values equal

zero,

Using this technique with equations (9), (10), (11), (12), and (13) the radiant
transfer functions were determined to be:

as €, Faz tot

3 = 16
23 1 - p2 Foz ¢ot (16)
e. F
o t2s tot
=TT (17)
25 Po fop tot
€3 pg F25 tot
335 = 63 Fos tot T 1 - 0, oo tot (18)

The evaluation of these equations was carried out assuming that the surface 5 was
a perfect window, i.e., e = 1,0 and T, = 0.

In order to evaluate the energy loss by the back of a fin to the surroundings
the following reasoning was used. The back of two fins forms a V-groove with the

groove opening equal to 2A8 sin g or 2A sin v. The energy loss through this
3

area is given by eaEb8 (2A3 sin y) where €, is the apparent emittance of the
groove, Then the energy loss from the back of a single fin is eaEbsAs sin v.
Equating this to ¢ where the window over the groove is identified as surface

. . 4 . .
4 to differentiate = the energy flow from inner or outer surfaces of the fin, the
result is,

3 = ¢_ sin Y (19)

34 a

Equations (16), (17), (18), and (19) relate the diffuse energy radiant transfer
functions necessary to evaluate the low temperature or terrestial energy exchange
in the fin system. Since the solar energy incoming to the system will be colli-
mated or directional, a different approach must be taken for these energy gains,

16



Solar Energy Fluxes

The following derivations and discussions assume normal incidence of the
solar energy.

Figure 13 shows the geometry considered for the evaluation of the solar
energy input to the fin system. As may be noted, the analysis assumes that the
two fins on either side of the base area A_ have moved inward symmetrically,
This will be true only for normal incidence solar energy.

T

hass com te amus G . —— Gt St . —— —— —

A

Lo

Figure (13) Geometry for Solar Flux Evaluation.

In this case, the solar energy incident upon surface 2 per unit length is
G, (Lo - 2Lg sin y). Since we are considering the solar energy separate from the

AT




terrestial energy, the radiosity of surface 2 may be written as JsAs = poGoAs
where the emitted portion is considered to be zero in these wave lengths, Then
using our previously obtained configuration factors we can write the total irra-
diation of surface 2 as the sum of the solar irradiation plus the energy
reflected back to surface 2 from the solar irradiation,

GoAp = GS (L2 - 2L3 sin y)(unit depth) + JoAp Fop tote
Finally using JpAp = p2GoAs , the total irradiation is given by the following:

G. (Lp - 2Lz sin vy)(unit depth)

s
GsA. = 20
ane 1 - p2 Foo tot (20)

In equation (20) the value of reflectance pp and other reflectances in Foo tot
are reflectances to solar energy or (1 - as). Then the total solar energy
absorbed by the surface 2 1is given by Qsol 5 = 0pGpAs oOr per unit length as

G on [Lp - 2Lg sin v]
2 (21)

Q

501.2 B 1 - P2 Fgg tot

By the same reasoning process the solar energy absorbed by the inner surface of
the fins is given by

02 [L2 - 2Lg sin y] F23 tot % inper

Q = (22)

sol.s inner 1 -~ P F22 tot

In equation (22) 9 inner is the solar absorptance of the material on the inside
of the fin or the side facing As. This surface may be any vacuum plated sur-
face or the "as received" inner surface of the fins, Typically this is the low
expansion material of the bimetallic fin material,

The solar energy absorbed by the outer surface or back of a fin is obtained
directly from the apparent absorptance curves and is given by

Qsol.s outer Gs U3 outer U3 S v (23)
where O outer is the apparent absorptance of the V-groove obtained from Figure
1L using the solar absorptance of the outer fin surface obtained from

monochromatic reflectance measurement.

Preparation of the Thermal Model for the Experimental System

After the derivations of the previous two sections were completed, a thermal

18
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Figure (1l4) Apparent Absorptance for Normal Incidence
for Solar Energy.

model of the experimental finned surface was prepared, The technique described
from this point on requires definite dimensions and material properties, In this
case the dimension of the fin system was Ly = 2 inches, Lg = 2 inches. The
fins were made of thermostatic material supplied by the Metals and Controls
Division of Texas Instruments Corporation., This material is completely described
in NASA CR-91 (ref. 1). Using the manufacturer's specifications for the material
the angle + or fin movement can be related to the fin temperature Tg, This
expression is given in the following equation where Tg is in °R for fins
perpendicular to the spacecraft skin at 610°R (150°F),

vy = k.5953 - 0.007535 T3 (2k)

Total configuration factors F. . as used in equations (16), (17), and (18)
depend on the position of the 1) ot g4p given by . These values were calcu~
lated and from the resulting values a polynomial was used to fit the values. The
results of the equation fitting for the script 3 values are given in the follow-
ing equations,

F.. = 0.0253 + 0,0732 v (25)

19




S s = 0.7685 - 0.43076 v - 1.9805 42 (26)

Fss = 0.0323 - 0.06168 (27)

In later work, these expressions have been improved by using a quadratic
equation for both F,5 and Foo.

The actual values of the conductances required for the thermal analysis are
nonlinear equations in Tg and Ts. A typical expression for the conductance is
given by equation (28):

2
Kos rad, = 325A2 o (Ts" + TSZ)(Tz + Tg)

but Ty is assumed to be O°R, e.g.,
= 3
Keg rad, = 3:25A2 o Tz

or substituting Fos as a function of Tz, using equations (24) and (26),

Kos rad, [-1.251 x 1078 + 4,0113 x 107*t T4 - 3.,2086 x 10-14 T32] Ty (28)

In a similar manner Kss ya4d., Kss rad,, and Kss rad, were obtained. In any

conductance involved with surface 3 the surface of two fins was considered,
i.e., the two fins were lumped as a single node in the model.

A diagramatic representation of the two nodes is shown in Figure 15, Con-
ductances Koz rad,» Kos rad., Kss rad., and Kss paq, were evaluated as
indicated. The two conductances Kz, rad, and Kgsg rad, can be added into a
single conductance since they both connect the same thermal potentials., As
explained previously, this was not done in order to make clear the loss of energy

from the inner and outer fin surfaces.

and Q are also functions of the
solar,s solar,2

fin temperature Ts. Using equations (21), (22), and (23) with equation (24) the
energy sources are evaluated. 1In this case Q and Q

The two energy sources Q

sol.3, inner sol.s, outer

were added to give QSolar 5 The conductance between surfaces 2 and 3 by solid
J

conduction heat transfer was evaluated using the mid-point of the fin as the
nodal lump and the entire base area as a nodal lump,

As an example of the results obtained from this thermal model, an analysis
was made using a spacecraft skin coating material with terrestial emittance of
0.88 and solar absorptance of 0.248 with the fin inner surface assumed to be
vacuum deposited aluminum with constant properties of reflectance and absorptance
of 0.9% and 0,07 respectively, The fin outer surface was assumed to have a
terrestial emittance of 0.1 and a solar absorptance of 0,353, Solar absorptance
was determined from monochromatic reflectance measurements,

20
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Figure (15) Thermal Model for a Fin System.

With the thermal model as described, the skin temperatures of a fin system
oriented such that the solar input was always normal to the surface was calcu-
lated. These results for various solar inputs (expressed as sun equivalent) are
presented in Figure 16 for two interpal heat generation values, In the low power
case, 10 Btu/hr-ft2 or 2,93 watts/ft2 were assumed to be dissipated and in the
high power case 50 Btu/hr-ft2 or 14, 65 watts/ft2 were used, The base plate
temperature for the same power dissipation rates for a white paint surface with
. = 0.248 and € = 0.88 are also presented. A comparison of the two curve
sets indicate the amount of temperature control possible with the thermal model
assumed,

The thermal analysis of the model presented in this discussion indicates
that the fins are nearly normal to the surface for all solar inputs other than
the low solar inputs, This is reflected in the results for the region from 0.5
sun equivalents to 1,0 sun equivalent. 1In this region the fin system is entirely
passive. At the lower solar inputs the fins begin to move resulting in an active
system, This is most strongly indicated by the high power dissipation curve
between 0.5 and 1,0 sun equivalents. In the case of the low power dissipation
system, the active position of the curve is limited due to the more sudden clos-
ing of the fins over the surface, the system again becomes a passive system,

This passive system is fairly low, depending on the fin back surface and thermal
conductance, emittance surface radiating to space.

21
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EXPERIMENTAL SYSTEM

In an attempt to validate the thermal analysis technique, a test model of
the finned spacecraft surface was prepared. This test spacecraft surface and the
associated test system were described in a previous report to NASA; however, for
completeness a portion of the report is repeated herein.

Test Section Construction

In order to prove the analytical results obtained in the previous investiga-
tions, a test section was designed for actual testing of the spacecraft system in
the simulated outerspace environment. The assumptions on which the previous
analysis were based and which had to be met by the model were: (1) the walls must
be specularly reflecting walls, (2) the base should be a diffuse white material,
and (3) the fins should be straight at about 150°F. From information obtained
from the grantor, it was determined that the size of the test system should be
approximately 1 square foot. Therefore, a 1 square foot brass plate was chosen
as the base upon which to mount the fins. The fins were assumed in the analysis
to be constructed of a bimetallic material which consisted of an Invar low-
expansion side material and a high-expansion side material which had manganese
as the primary alloying ingredient. These fins were assumed to be 0.003 inch
thick and for the 1 square foot plate section it was decided the fins should be
made 2 inches in length with a spacing of 2 inches between adjacent fin layers.
The first problem involved in the construction of the test system was to shape
the material in such a way that the fins would be straight or vertical at approxi-
mately 150°F. As the material was delivered, it had only a slight longitudinal
curvature and a strong crossbow or a curvature in the 2-inch dimension of the
material. 1Initially a rolling device was constructed in the hope that this could
be used to shape the fins but rolling did not produce the desired fin shape.
Since rolling did not work, a method involving heat treatment was devised and
this system was the ultimate system which was used in fin shaping. Basically the
heat treatment method consisted of the rigid application of the fin material to
a curved mandrel and then heat treating to obtain the proper curvature. Several
trials at different temperatures and with different mandrel shapes were made and
the final shape was obtained by wrapping the strip tightly around a piece of tube
with an outer diameter of about two inches and heating for about two hours at
370°F, This resulted in approximately the correct curvature in the longitudinal
direction or the length of the fin material; however, the fin material still had
the crossbow in it which had to be removed. After cutting the fins from the
long 2-inch wide material, the fins were again wrapped around about a 2-inch
diameter mandrel such that the direction of bending was opposite to the direction
of the crossflow and they were then heated in this position for an hour at 250°F.
These two heat treatments resulted in a fin which had the currect curvature to be
used on the test surface. The completed fins were cut into a 2 1/hk-inch length
and 5/16 of an inch on one end was bent backwards in order to avoid the cross-
bowing effect which develops as the temperature of the fins increases above the
ambient temperature. This is shown in Figure 17 where a typical fin with the
upper end bent backward is illustrated. 1In this case, the connotation of bent
backwards means that the fin material was bent in the direction towards the Invar
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Figure (17) Tvpical Fin,

side or low-expansion side. The fins as shown in Figure 18 have the bend which
they normally would have a room temperature which of course for these fins is a
relatively low temperature, After bending the 5/16-inch strip back along the top
of the fin, the fin length is 2 1/16 inches of width of which the last 1/16 inch
is used for mounting,

Previous investigations reported in the other two progress reports indicated
that the reflectance of the high-expansion side was not as high as would be
required for the simulation of the analysis; therefore, the high-expansion or
manganese side of the fins was vacuum plated with a thin layer of aluminum, This
aluminum overcoating was thick enough to be opaque and should result in essen-
tially the reflectance of pure evaporated aluminum on the high-expansion side or
the side facing the grooves of the spacecraft system,

The base of the spacecraft surface, a 1 square foot brass plate about 1/8
of an inch thick, was slotted by a milling operation with five slots 2 inches
apart approximately 1/16 of an inch deep. Then, two iron-constantan thermocouples
were installed by drilling from the back as near to the exposed surface as possi-
ble. The back of this plate was coated with a highly absorbing black paint since
it would receive energy from the heater plates by radiation. The front side of
the plate, the outer or spacecraft surface side, was coated with Cat-a-lac white
paint, No. 463-1-500. Characteristics for this exact paint were not available;
however, a similar paint from the same manufacturer had been examined experimen-
tally., The characteristics of Cat-a-lac No, 463%-1-8 which were used in the analy-
sis are shown in Figure 19, As can be seen from Figure 19, this Cat-a-lac white
paint has a relatively low solar absorbtance and a high terrestrial emittance,
However, it is not as good as some of the modern white paints now available. 1In
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the assumptions of the analysis for this system, it was assumed that the white

base paint was a diffuse surface; however, the Cat-a-lac white paint gave a slight
gloss upon application. Careful sanding was used to remove this gloss, and it

is assumed that this does not change the reflectance of the surface. Of course,
this is not exactly true; however, the paint was not diffusing enough as applied

to approximate the conditions of the analytical work. After the base plate was
prepared in this manner, the fins were placed in the slots in the brass plate in
their proper positions; and then a small amount of Eastman 910 adhesive was allowed
to flow into the space between the fins and the slot edges. This resulted in a
strong bond between the fins and the base and is the method suggested for the con-
struction of spacecraft surfaces of this type. A picture of the completed test
surface installed in a portion of the required test system is shown in Figure 18.
As can be seen, the procedure used in the construction of the test surface resulted
in very uniform curvature for the fins and a system which would appear to be very
close to the system assumed in the analytical work,

Construction of the Test System

The basic test system is shown in Figure 20. As can be seen from this figure,
the test system consists primarily of an insulated box to contain the test sur-
face plus a heat source to simulate the internal heat generation of the spacecraft,
Below the heat source a single layer of aluminum foil is used as part of a heat
meter to determine the energy transferred from the heater plate through the test
system other than through the test surface. The heat source consists of a piece
of transite 1/4-inch thick, 1 square foot in size. On the plate is wound the
heater element which is made of 30 gage Chromel A heater wire, This resistance
wire was chosen such that approximately LO watts could be dissipated when a poten-
tial of 110 volts is applied to the heater windings. The heater windings were
placed on the upper face of the transite board and covered with Saureisen electri-
cal cement. 1In order to control the energy input to the test surface, the heater
temperature will be controlled with a proportional controller based on the tem-
perature of the plate. A small bead thermistor temperature sensor was imbedded
on the upper side of the plate and covered with Saureisen cement. In order to
reduce the amount of energy lost from this plate, the entire lower section of the
test system consists of rigid polystyrene blocks covered with aluminum foil, The
rigid polystyrene blocks serve both to support the heater assembly and the test
surface and to provide insulation between the heated section and the metal wall
container for the insulation and test surface, The metal wall container consists
of two separate containers with the region between the two containers filled with
vermiculite powder. By placing suitable spacers, the inner and outer metal wall
containers are thermally insulated away from each other. The outer surface of
the metal wall container, that is the outside surface, is covered with aluminum
foil cemented on with contact cement on all surfaces except for the surface pre-
sumed to be irradiated by the solar simulator, This surface is painted with Cat-
a-lac white paint in order to maintain a relatively low temperature in this region.

Directly below the heater plate a single aluminum foil sheet is mounted which
serves as a heat meter. This aluminum foil plate actually consists of two sheets
of aluminum foil with three thermocouples connected in parallel sandwiched between
the two plates, and the two plates are joined by contact cement. This aluminum
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foil radiation shield is directly above a styrofoam insulation block which is
also covered with aluminum foil., The outer surface of the styrofoam insulator
has installed in it a copper constantan thermocouple such that the temperature

of the aluminum foil covering can be determined. In the apparatus built, the
spacing between the aluminum foil radiation shield and the aluminum foil on the
outer surface of the styrofoam block is approximately 1/2 inch, and these two
plates are approximately 1 square foot in size. Two parallel plates with these
dimensions very nearly act as two infinite parallel plates, For this reason, the
two parallel plates can be used as a heat meter, The basic idea of this heat
meter is that the total energy passing in this direction away from the heat plate
will be approximately 10 per cent of the total energy generated, Therefore, even
through the exact emittance of the two parallel aluminum plates is not known, the
estimated value of the emittances will result in energy transfer rates which are
perhaps + 10 per cent of the 10 per cent which goes in this direction. Since
about 10 times more energy goes in the direction through the test section, an
error of 10 per cent in the evaluation of the energy passing downward from the
heater plate will result in about a 1 per cent error in the energy calculated as
passing up from the heater plate through the test section, Since the total energy
being dissipated by the heater plate is easily measured by electrical methods, the
amount of energy passing upward through the test section can be determined with
very good accuracy using this system,

As a matter of general interest in evaluating the energy losses from the
entire test system, thermocouples are located in numerous positions around the
insulating walls,
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TEST PROGRAM

The entire test system was installed in a space simulation chamber at Goddard
Spaceflight Center under the direction of Mr, Robert Kidwell, This space simula-
tion chamber used a well collimated mercury-zenon solar simulator, In the tests
run to date an approximate solar constant of 0.9 and no solar input have been run,
It is anticipated that the system will be tested at various power inputs with a
variety of solar polar angles in the near future,

All test data to date have been obtained using the temperature controlled
heater plate as shown in Figure 20, item 5. This technique was used in an attempt
to reduce the thermal lag of individual tests, Since the test section has a
relatively small mass, the main thermal lag of the test system is caused by the
container and insulation used to direct the energy generated through the test
section, By using a controlled heater plate and a radiant heat meter below the
plate, an instantaneous power flow through the test section can be determined
when the test section has come to equilibrium,

Using this basic technique the following basic test data were obtained:

Table 1

Preliminary Test Data

Test Number Power Input Solar Constant Base Plate
Watts Equivalent Suns Temperature,°F
1 11.25 ~ 0.90 135
2 19,0 ~ 0,90 152
3 26.0 off 99
L 33.0 off 119
Test Number Nominal Heater Heat Meter Opposite Heat Meter
Temperature Temperature Temperature
°F °F °F
1 155 126 98
2 185 136 92
3 155 85 19
h 185 105 36

From this data is was possible to calculate the various quantities of energy
leaving the heater plate in various directions, The initial tests had three main
paths for energy flow from the heater plate. These consisted of energy flow by
radiant transfer from the heater to the test section, radiant transfer from the
heater to the aluminum foil heat meter and conduction transfer from the heater
plate through the test section plate out to the surroundings through the transite
support pieces, The energy transfer in these three directions for each of the
tests were approximatéd and are listed in Table 2. Since all properties were
estimated, these values may be in error by at least 4+ 25 per cent,
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Table 2

Energy Transfer From the Heater

Test Number Radiant Energy Transfer Radiant Energy
to the Heat Meter Transfer to the
Btu/hr Test Section Btu/hr
1 0.89 33.5
2 1.50 56.7
5 1.56 759
L 1.80 97.9
Test Number Conduction Energy Transfer Energy Flux
to the Surroundings Through a Fin
Btu/hr System Btu/hr—ft2
1 k.o 35
2 6.6 29
3 11,2 65
b 13,0 88

The total radiant energy to the test section was dissipated through four
2-inch fin systems which were equivalent to the system described in the Thermal
Model section of this report, On each side of the four 2-inch fin systems a
2-inch base plate segment was partially covered by a single fin. When the test
section was not irradiated with the solar simulator, these two sections would not
be typical fin systems, This is because one side of the 2-inch groove had an
active fin wall and the other side was an aluminum foil covered polystyrene insu-
lating block, When the solar simulator was turned on, the fins would assume a
near perpendicular wall for the groove, thus the two-edge grooves would be typical
systems and can be treated as such, Using these concepts the energy dissipated
by the two atypical grooves in the zero solar input runs 3 and 4 were calculated
to be 32,8 Btu/hr and 38,9 Btu/hr respectively, With this information, the energy
flux through any fin system was calculated for each of the four runs and is given
in Table 2,

The calculated values of surface temperature are about 15°F lower than the
measured values in tests 1 and 2. This error is believed to be well within
experimental errors,

When the solar irradiation was turned off, the values of spacecraft skin
temperatures measured for tests 3 and 4 were 99°F and 120°F respectively, 1In
these cases the calculated skin temperatures were very much higher. This error
is not within experimental accuracy and is believed to be caused by inability
to accurately predict the energy passing through the fin systems, In both of
these cases, the experimental test fixture had soaked in the cold environment

~until the internal temperatures of the insulation were in the range of 50°F

to 60°F. These temperatures existed all around the edges of the heater plate,
Since these temperatures were not expected, the energy losses were not expected,
These losses, although small, become very important in predicting the space-
craft skin temperature with no solar input, When the solar simulator was
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operating, the internal temperatures were much higher making these losses much
smaller. For this reason, the test results do not agree with the calculated

results for the no sun condition,

,CONCLUSIONS

[As a result of the preliminary tests and calculations it has been concluded

that the test apparatus should be changed.' This change will be discussed with
the NASA representative at Goddard Spaceflight Center before additional tests

are run,
It has also been dete mlned hat the fins of the system are not thermally

coupled to the base plate ré&‘oblem will be examined during the next phase 6“»57/

of the project. This will be by considering coatings for the outer surfacés—

of the fins which will decouple the fins from the solar irradiation and by using
shorter fins to improve conduction coupling to the base plate, Several possibil-
ities exist in this system for improvement of the control characteristics. These
will be examined both analytically and experimentally in the future.
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