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Abstract

i | Bumpers have been proposed for protecting space radiator,

syatems from penetration by meteorcids. The developmant

of equations to determine the thermal energy diesipation

to space by a hot body completely enclosed by & zerond

: body is presented. The partlcwlar case of heat Aizgipa-
tion from space radiators snclosed within thin mpers
is considered, and the criteriz for selection of bumper
materials for a minimom weight radiator system are dis-

cussed.,
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Thermal Radlative Heat Transfer fo Spece from a Body

Encleosed by a Semitransparent Body

L

Semltransparent plastic bumpers hawve bLeen propossd as an effective
means of protecting space radiastors from penetration by meteorclds. It
waE the puwrpose of this study to determine the effect of such & bumper
on the thermal performance of s space radiator. The equations developed,
however, are egually valid for any aystem consisting .of one body com-
pletely enclosed by a seccond body and dissipating heat to space by thermal
radiaticn.

Conzdder a system consisting of a sclid bedy R completely snclosed
by a second scllid body B, as illustrated in Fig. 1. The volume between
body R and Lody B is completely deveid of any abscorbing media, and the
system is radieting to spacs. For reference, the surface of bedy B will
be denoted 1, the insids surface of body B by 2, the cutside surface of
body B by 3, and the swrrownding spasce by 4. The following postulates
will apply to the systom:

a) Lambert's cosine priociple applies to the dlstribution of
thermal radiation intensity from all surfaces.

t) The temperature of space swrrouwnding the system is at zero
degrees absolute with & coefficlient of absorpticon of unity.

c} The temperature of cach surface is 1miform.

d) Body R 1s cpague to thermal radiation.

g) The emlssivity of surfaces 1 and 2 and the transmissivity of
body B are eonstant over the tempersture range of the system. {This
implies that the absorptivity and emissivity of & surface are numerically
equal. )

f) The transmissivity of body B i1s independent of the thickness
of the body.




ss Beetlon of an Opdgue Body Completely Enclosed by a
Semitransparent Body
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Sipce body B completely enclosges body H, and the transmissivity of
body R is ezere, the following relationz apply:

P, +F;, = 1 | {1-a}
By +Fy = 1 {1-v}
Fap +Fa = 1 {1}
€, +py = 1 {1-4)
€t Pyt Ty S 1 (1-e)

where .
Fﬁ- = radistion interchange configuraticn factor from surface
ito surface j
3 = smissiviby
P - refisctivity
T = transmisasivity
subscripts 1 and 2 refer to surfaces 1 and 2 refpectively
Considsr first the total thermal radistion from surface 1 as 11-
lustrated in Fig. 2. Of any quantity of heat X leaving surface 1, an
am&unt.FlEK reaches surface E,.and an amount F..X 15 intercepted at

I

surface 1. Following for the moment only the guantity F,,X which is

intercepted at surface 1, EIFllg.is gbsorbed and p1F113 is reflected.

This reflection resulte jn a quantity.FlEplFllE reaching surface 2,

E1F1191F113 absorbed at surface 1, and & reflection of plFllpIFilx at

surface 1.
Contimiing iz this manner it .can be seen that of the total guantity
of rvadiation X leaving surface 1, only: '

e, 3 ) X (2)

2
Flp (14 pF Flo *87F

111 TP
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iz actually received st surface 2, vhile:

€ Fq {1+ PPy * plEFll2 + pliFllj + .40 X {3)
iz absorbed by surface 1 without ever having reached surface 2.
Equstion {2), the quantity of redistion sctuslly reaching surface
2 due to an amount X leaving surface 1, cen be more convenlently ex-
rreseed as FlEKffl - plFllJ' Of this quantity Tgrlngil - plFll} is
transmitted through body B to space, EEFlEXf[l - pl?ll} 1s absorbed

at surface 2, and pEFlEKf{l - plFll} is reflected. Iletting:

w o= p R X1 - 0 Fy) (&)

Félw reaches surfece 1, and F22W is Intercepted by smurface 2. Conslder-
ing the quantity intercepted at suwwrface 2, TEFEEW is tranamltted to
space, EEFEE“ is absorbed at surface 2, and DEFeew 1ls reflected. This
reflection results in an amount FElPEFEEW reaching surface 2 and
FEEpEFEEw being intercerted at surface 2. Contlmning in this manner

it can be seen that of the quantity w leaving surface 2

22 203
Fyy {1+ ﬂEFEE +p, o+ o, Fée + L)W (5)

regches surfece 1:

2
EEFéE (z + QEFEE *p T 4 ) W (e)

is gbsorbed et surface &2 and:

2 2
T F s (1 + s + Py Fpp ¥ S IR {7)

is transmitted to space.

Replacing w in Eq. {5) by its equivalsnt, expressed by Bq. {&},
and simplifying, the total amount of radiation reaching surface 1 from
surface 2 due to & quantity X emitted at surface 1 is given by

pEF12F21xj{1 - plrll}(l - pEFEE}. Of this,
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¢1Pp lEFElX‘; - plFu}[l poF EE} is absorbed at surface 1, and
P PaFy oFp :r.f{l plFqu - Pa 22} is reflected. Thie fraction reflected
at surface 1 progresses in exactly the same manner as the guantity X, and
thua the pattern repeats itself. '

Dafinlng: _

P1PF 16701 B 8)
T F )L - o) | -
the fraction of X which is initislly reflected at swface 1 after having
been reflected once at surface 2 is then MI. If for the mement it is

M

consldered that Ml prbgressﬁs no farther, the toltal Ebﬁﬁrptian at surface
1l and surface 2 and the total transmission to spsce due Lo an emigsion X
at surface 1L would be those quantities gilven by Flg. 3.

The total therms) energy emitted Ey‘surf;ca 1l per uﬁit time is
EelﬂlTlh- Inzerting this guantity for X in Fig. 3, the total sbscrption
at surface 2 resulting from primary emission at swrface 1 and all sukse-

quent reflections 1ls given by
. _ A
og 6,7 AT (LeMeM 1 ...::g
‘Replacing M by its equivalent sxpressed by Eq. (8) and simplifying, the
total heat transfer by radistlion from swrface 1 to swrface 2 1s:

o B o) € oF 1.2"‘1T |

o = - .

1=2 7 TT-pf KL - o F,,) - prod o (10
In a like mamner the total easrgy transmitted to space by thermal radia-

(9)

tion from surface L 1s given by:

Y |
T T - )
re) TR AT . )

WSE T W eI - pips) -~ PrPgFiaFer
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By performing a similar analyeis for the totsl thermal radiastion
from surface 2 it can be shown that the heat transferred Lo surface 1
can be expressed as:

)
7€ € ooy Aot

-t = - T - e - T R
-l (1 -0 F ML -0 F0n) - 01057 070
shd thet the energy transmission o space from surface £ is given by:
A
% e [Fop + eFiofey - PP Top!
b (1 - 0 Py NI - e Fop) - pyogFy Py
An enmlysis of the total thermal radiation from surface 3 reveals

for the treansfer of energy to space:
4 2
e = [F L2 T (Fap + 03158 = PrFyaTpp) }
Y 1 - pgFas | 7 AL - g F AL - e o) - 0900 1l p

(12)

(13}

e T

(14)
and for the radiative transfer of heat from suwrface 3 to surlsce 1
L
ge, 1€ F T
4o - 1231y 35— {15)
> 1 {1 = p.:ij}}{{l = plFll}(l = PEFE'E’ - plpeF].E El]
At steady state the net heat transfer from hody R to bedy B is:
e T - %2-1 %3 (16)
ve.e,, (F Th-FRTh}-ﬁTEF T%u-pr )
g - 1°& 12A11 2122 123}1A}§ 3 33
B (- ey P /L - opffpn) - PrPoF P

(27)
The sateady state net heat transfer from beody B to space by thermsl
transmission through bhody B is gimply the redistive hest tranmafer from
surface 1 to space sinee there is no return redietion from spece. Thus:

3
4. - o5 1eh Ty (18)
ke (1 - pyFpy Y - ppFfps) - PP Py oF
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The net heat transfer from body B to epece at steady state is:

Ggs = Soout oy
4
e T AT, (Fop + pyFy Foy = pF  Fpg) €A
tpe = = +
B8 (1 - F‘1F1:LJ‘:'1' - Pl - 0P F Foy 1 - P33

| (Fop + 0y pEFilFéeji]
5“ R R o

The equations developed sbove apply to any solid body completely [

enclosed by a4 second body 1f the medivm cutside the outer hody iz =

perfect absorber. For the particulssr system in question in this study,

that of a gpace radistor enclosed by & semitransparent plastic bumper,

the bumper is gquite thin and is generally In the shape of an ellipecid.

Thus the following simplifiecsations can ke mede with little or noe srror

being Introduced: '

(19)

Ay = Ay (20-a}
T, = T:I {20-b }
F5L| 1.0, {Féj = 0, Fjl = 0) (20-c }
€ = & (20-4)
The general equations developed above then reduse to:
4 b
by = s "k - "ee’s'B (1)
(1-pgFpp A 1-rpFpn /-PpPE prfag
Iy
UERTBFhBARTR (22}

R e

s ‘Fpp * PR re¥ER - PRFRR BB) ]

{23)

B rl e PR Rﬁj{l - PePme! - PrPpF e ER
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whers the subscripts R, B, and S refer to the radiator, bumper, and
space respectively.

The total heat that would be dissipated to space by the radlator if

the bumpesr were not present can be shown to be:

4
quEi - U:_RTREAHTH f24)
R'RR
ds a criterion for determining the thermal performance of the bumper,

define the thermal efflciency, 1), as the total heab dissipated by the
radiator with the bumper In place divided by the total heat dissl pated
by the radiator without a bumper. With the bumper in place the total
heat dissipated by the radiator is Qep + dpsi thus the thermal effl=
clency of the bumper is:

Qpp * Qps

RS
[en (F Tl*-r TL‘J-HF 'I'h'][l-pF]
_ ‘B “"RB"R'R BR*BIB YRR R R R RR (26)
L (L - ppFpp (1 - ogFpe) - epPpPrpFpel (FpcheTe™]

It has been postulated that Lambert’s cosine prineiple spplies to the
radiation from both the radiator and the bumper; consequently it follows
that:

Fas’rn = Frefp (27)
and from the physical geobwstry of the system 1t muost £ollow that:
Fps = Feg (28)

Therefore Eg. [26) can be reduced to the following:
[1 - (L - egd(L - Fpg)l Cﬂ
n o= (29)
fr - (1L - ER}(l Fep }](r + £ } + € f1 -1

B-EB}E

REB

[
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At steady state the net heat transferred o the bumper from the
radiator must equal the energy dissipaied to space by the bumper. Thus
equating Bgs. [21) and (23], gn cipression can be obtainsd for the tem-
perature of the bumper &t steady state. Exymesssd as the ratio of
TBKTR, thi= expression can be written as: '

;E - {E'I'{ETB-I-EB)[i(F_l—-I- %—;-1)-1]}' W (30)
R Ap \FRe  “R. .

Equetions {£9) and {30} can be used to determine the temperature
and thermal efficiency of a4 Tumper enclgsing & space radiator for elther
an opague or semitransparent humper provided the emissivity of the bumper
1s the sam= on the outer surface end imper smaface. It should be noted,
however, that Ea. (3) is not valid if the emissivity of the bumper 1s
zero, but such & situation never occurs in reelity.

Most space radlator configurations which have been proposed have
irregular surfaces and ncmaniform surfece tenperatures. Sﬁch a situa-
tion is in contrast %0 the postwlated system in the ﬂq;ivatiun of Eqgs.
{29) and (30). This difficulty can be eliminated by considering that
the total heat which would be dlasipated by the actual rediator by
radiation to a perfect sbacrbing media:

e HI{FEETEL"d Ay (31}

15 being uniformly emitied from an elastic envelope stretched tightly
over the radiator. BSuch an sssumed situation resulie in & radistor

with & pseudoares AH’ vhich is the mininmm Eurface formﬂd.by'replﬂcing
all dimples and areas of positive curvature by plane areas. The con-
figuration factor from such a pseudosurface to the bumper 1s wnity,

and since the reciprocity thecrem must hold for the postulated Lam-
bertian cosine distributlon, this psendoerea can be obtained bg:

-an
"

\\H
%
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e = JR Fped Ap {32}

The uniform pseudotemperature of this surface is obtained by:

; 1 4 1/%
e = [A?Ag FrsT aaﬂ:l (33)
Employing such an assumed situation, Eqs. (29) and (30) reduce to:
T + E (‘ﬁ)ujl
N = (3k)
Ty * €y + e (L - Ty - € J AB
T i Ay - 1/4
% = 2 (o v e @—R AT " 1)] {35)

Equationa (34) and (35} can be used for any radiator configuration
whether the radiator surfase temperature 1s uniform or not, and it is
nsuelly more expadient to use this technique.

From Eg, (35) it can be seen that, other gquantities being equal,
the temperature of the btnmper decreases with an Incrase in bugper arsa
relative to the radiator area. Since plastic bumpers normally cannct
withstand very high temperatures, this Implies that such & bunper mist
be quite large, and even though it may be quite thin, imposes & con-
siderable welight penalty on & space radiator system. Consequently it
has been suggested that metallic bumpers which can withstand mich higher
temparatures be placed in clipse proximity of the raditor, thus reducing
the weight of bumper material required.

The gquestion as to whether it is better from an over-sll welght
standpoint to use & metallie bumper or semitransparent plestic bumper
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cannot be ansgwered in completely general terms since it depends uwpon
the thermal propertice of the materials invelved mnd the ajize of the
radiator system under consideration. The following analysis is typical
and illustrates the crilteria governing the choice of bumper material,

Consider a radiator with & hest dissipation requirement of 400 kw.
Assume that the configuration, waight, surface area, and mean surface
temperature of the radiator needed to dissipate the required heat is
known if there were no bumper. Then 1t follows that:

Wp = kA'p (36)
where
HI-'. = weight of radiator needed to dissipate the required heat
with no mper
A*R = minimum pseudoarea determined from the known radiation
surface gres &5 previgualy discussed .
kl = constant of proportionality

The weight of the radistor system reguired with & bumpe'r covering the
radiator then 1s:

Woa = (Wp + Wp)/ng (37)

vhere

HRE = weight of radiater and bumper required

H'H = welght of radiastor required when neo bumper is used

WB = weight of bumper for radiator with weight HR and pseudo-

ares P.’R

g = thermsl efficlency of bumper

The bumper willl have a uniform thickness and density so it follows that:

vhere AB iz the ares of the inner surface of the bumper. {A.B &lso equals

the outer surface of the bumper sinvce AB itz large compered to the bumper
thicknese. }
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Introducing Bgs. (36) and {33} into {37) and rearranging, there
is obteined:
AR T 2
R L) >

The thlckness of bumper required for affective meteoroid protection
is a function of the area of the bumper and the density of the bumper ma-
terial; alsc the weight per unit pseundoarea of the radiator i1s a functlon
of the actual radistor area, but it has been shown that the ratio k /k,
can be assgumed to be A constant over fairly wide ranges of radlator and
bumper areas and bumper density.. It has also been found that this ratio
is approximately squal to Q.04 for a radistor system designed to dissi-
pate LOO kv of heat. Thus Ey. (39) can be written:

r

W
fs ;—Blaru.ﬂhi—];;) (40}

Since the thumper is not designed to 3top a meteorold but merely to
dlsperse 1t elther by veporizing 1t or shattering 1t, there must be suf-
ficlent distance between the bumper and the radiator to allow for enough
disperslion to ensure protection of the radiator wall. Thos there is =
lower llmit to the raftio ABfA’R for the bumper to be effective. Also,
since g Increases with an increase of ﬂBfﬂﬁR, it can be shown that
there is an optimum value of ABfA’R for which the weight of the radis-
tor system will be & minimum. Again, 1t has been found bhat for the rad-
istor under conslderation the optimum value of ﬂBfA*R 15 always gre;ter
than the minimum wvalue required for effective metecrold protection.

The optimm weight of a radiator system employing a bumper which

is not temperature~controlled can be determined from Eqs. (34), (35),

1R. J. Hefner and P. G. lafyvatis, Protection of Space Vehicles
from Meteorite Penefration, QRNL-CF=-60-1-07, January 20, 1960.

-
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end (40) if the thermel properties of the radiator and bumper material
&< knowtt. Ta&ble I has been prepared to shew the welght ratle of a rad-
iator system with an opaque {TB = 0} metallic bumper to the weight of
the radtator with no bumper as a function of the emissivity of the bump-
er material. The emissivity of the radiater hes heen taken to be 0.95
in this analysis. (It is interesting to note that the thermal efficiency
of the bumper increases and conseguently HREKFR decrenses as the enis-
givity of the radiator decreases if the thermal properties of the bumpsr
remain constant. This should not ke lpnterpreted as implying that & rad-
iator with & low emissivity is deslrable, hecsuse for such a radiator HR
would have to be Increased, and the net effect would reguire a heavier
radiator system. )

For & senmitransparent plastic bumper Eq. (40} alsc applies, but
A‘BH‘IR is restricted by the maxlimun temperature the plastic can with-
stand. For most radiator systems thls maximum bumper temperature is
the controlling Factor in determining the optimam valus of ABfﬂER.
Figure 4 has been prepsred to show the optimum retic of .fhe weight of
the rediator system %o the welght of the radistor without a bhumper as
& funetion of the transmlssivity and emissivity of the bhanpsr, assum-
ing it is required that TB < 0.5 'f"R. Again, the emissivity of the
radiator is assumed to he G.55.

From Table I and Fig. 4 the choice of whether to use a metallic
or plastic bumper can be mads 1f the thermal properties of the mnater-
ials In gquestion are known., As a basis of comparison assws that the
reflectivity of the bumper materials in guestlon are egual. Figure 5
has been prepared to show the range of transmissivity and emissivity
for which a radiator system wilith & plastic Tumper wonld be lighter.

If 1:!1& transitissivity and emisslvity of the plastic are within the
shaded arga of Fig. 5, the plastic bumper wouild be preferred over a
etellic bumper with the same reflectivity. I they are in the
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TABLE I

Optimum Welght of Radiator System with Metallic Bumper

(tempersture not controlling)

Boisszivity Beflectivity
s Pp Yrs/Vg
1.0 4 1.43
0.9 0.1 1.48
0.8 0.2 1.53
0.7 0,3 1.61
0.6 0.4 1.69
0.5 0.5 1.80

0.4 0.6 1.9%
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unshadsd area, the metallic bumper would require the lighter system,
Thus, 1f the tramsmissivity of the plastic is greater than 0.5& the
plastic bumper would yield the lighter system regardless of the emis-
sivity of the metallie bumper or the emissivity of the plastic.

If the transmissivity of the plastic is less than about .35, the
optimun walue of aB{A{R 1s 8o great that the bumper temperaturs 1s no
longer controlling, and hence both the metallic and plastlie buampers
would yleld the same welght system if thelr reflectivities ares the
same.

Since there are many plestle materials which have a therm=l
trensmissivity greater than 0.6 For the thicknesses reguired, it can
be concluded that normally a plestic bumper would be preferred over
4 metallic bumper if only the welght of the required radistor system
is the determining fastor. This snalysis has not considered factors
such as fabrication, durability, rediation damsge, size, apd cost
which might also influence the selection of bumper mat&r:lfl.l.
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