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ABSTRACT 

This program encompassed an analytical and experimental investigation of 

passive and semi-passive thermal control techniques for rigid and flexible 
extravehicular space enclosures in 300 nautical mile earth orbits. The 

results of the orbit analysis indicate that when an astronaut in a flexi¬ 

ble enclosure (soft space suit) works on the surface of a large spacecraft 

the temperatures on his external surface are markedly increased over 

those which occur when he is not near the spacecraft. Moreoever, passive 

thermal control of the astronaut is not possible when he is near the space 

craft. The techniques investigated for thermally coupling an astronaut 

with his thermal control system include liquid cooled undergarments, gas 

cooling, and heat transfer to the cooled walls of his enclosure. Tech¬ 
niques were investigated for increasing the conductance through soft 

space suit insulations by compressing the insulation. The insulation of 

a cylindrical section of a space suit arm was measured under both com¬ 
pressed conditions (3.7 psia) and uncompressed conditions in simulated 

noon and earth-umbra orbit positions. The range of conductance increased 
from 0.26 Btu/ft2-hr°F uncompressed to 0.81 Btu/ft^-hr°F compressed. 

Measurements were made in simulated noon and earth-umbra orbit positions 

of the thermal heat dissipating capability of a louver system which was 
designed for operation in the sun. A 6-inch square model had a net heat 

flow from the louvers for the four orbit conditions tested (open and 
closed in the sun and in the shade). The louver operation controls main¬ 

tained the louver baseplate temperature in the range from 73.9 to 84.78F 

for a steady heat dissipation rate of 95.5 Btu/ft^-hr while operating in 

the shade. 
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SECTION I 

INTRODUCTION 

The recent experience of astronauts in extravehicular maneuvers demon¬ 
strates the need for effective thermal control of the astronaut while he 

orbits the earth. Present techniques of thermal control require the 

thermal isolation of th€ astronaut from his external environment through 

the use of an efficient insulating layer and the rejection of all meta¬ 

bolic heat by means of a portable cooling system. There is a time during 
every orbit when it is possible for the astronaut to naturally radiate 

away a portion of the metabolic heat generated. However, this potential 
has not been realized as yet. 

In an earlier study (Richardson, 1965), we investigated the feasibility 

of varying the conductance of an extravehicular space garment by inject¬ 
ing helium into the garment insulation to achieve passive thermal control. 

Experiments were made in a simulated 300-nautical-mile noon orbit on a 
cylindrical section of a space suit which was tested first with an evacu¬ 

ated and then with a helium-filled insulation. The environment was a 

simulated 300-nautical-mile noon orbit. The achievable range of internal 

heat generation (metabolic) for comfortable suit temperatures was from 
600 to 1800 Btu/hr when the evacuated insulation was filled with helium. 

In this investigation, the concepts of passive and semi-passive thermal 

control for soft space suits are further developed, as well as a more 
generalized approach to thermal control of extravehicular enclosures. 

Our investigations covered three areas: (a) the thermal behavior of both 

rigid and flexible space enclosures on and near the surface of an orbit¬ 

ing space station, (b) techniques for thermally coupling an astronaut to 

an enclosing thermal control system, and (c) proposed techniques for the 
passive thermal control of rigid enclosures. 

The objective of our work was to provide passive or semi-passive thermal 
control techniques for both soft anthropoform extravehicular space gar¬ 

ments and rigid cylindrical extravehicular space enclosures and to deter¬ 

mine the degree that thermal control can be achieved in each. Recommen¬ 
dations are made to aid in determining whether a flexible anthropoform 

garment or a rigid enclosure is optimum for extravehicular application 
from a thermal control point of view. 
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SECTION II 

THERMAL ANALYSIS 

A- FLEXIBLE AND RIGID SPACE ENCLOSURES IN A 300 N.M. EARTH ORBIT NEAR 
A SPACECRAFT “ --- 

1. The Model 

An analysis was undertaken to determine the maximum effect which a neigh¬ 

boring spacecraft could exert on the temperature distribution of a space 
enclosure. Accordingly, the model was set up to determine the tempera¬ 

ture distribution around the periphery of the space enclosure under noon, 
twilight, and night conditions of illumination, with a spacecraft located 
above, next to, or below the enclosure. In each case, the spacecraft 

was brought up to a condition of tangency with the space enclosure. 

Two types of space enclosure were to be evaluated: a flexible enclosure 
(cylindrically shaped with a radius of 0.58 foot and a length of 6.4 

feet), and a rigid enclosure (cylindrically shaped with a radius of 1 5 
feet and a length of 6.0 feet). 

The various assumptions made in this analysis are outlined below: 

a. The solar constant is assumed to be 442 Btu/ft2hr. 

b. The albedo of the earth for solar radiation is assumed to 
be 0.4. 

c. The absorptivity of the earth for solar radiation is assumed 
to be 0.6. 

d. Tne spacecraft can be represented as a cylinder with a 7.5- 

foot radius and a 16.68-foot length, maintained at a uniform 
skin temperature of 70°F. 

e. The emissivity of the craft and the enclosure are both e - 
0.85. 

f. The absorptivity of the enclosure is equal to: 

(1) as = 0.17 (for solar wavelengths) and 

(2) a ■ e = 0.85 (for long wavelengths—spacecraft and earth). 

g. All reflection and radiation are assumed to be diffuse. 

h. Each 1/12 of the circumference of the space enclosure can be 
considered separately. 

3 



(1) Flat-plate view areas were taken from Stevenson and 

Grafton (1961) for earth reflection and earth shine. 

(2) View areas were calculated by integration for the cylin¬ 

drical sectors of the enclosure to the cylindrical space¬ 
craft to determine the effect of ship reflection and 
ship shine. 

i. In all cases, the axis of the enclosure and the axis of the 

spacecraft are considered parallel; in all cases, the axis 

of the enclosure is considered to be perpendicular to the 
plane determined by the earth-to-sun line and the earth-to- 
enclosure line. 

J. The effects of the circular ends of the cylinders are ne¬ 
glected. 

k. Steady-state heat flows are assumed. 

Thus, for each sector of the space enclosure, the simulation considers 

the effects of direct solar radiation, reflected solar radiation from the 

earth and from the spacecraft, and emitted thermal radiation from the 
earth and from the spacecraft. The effect of the space enclosure upon 

the spacecraft was neglected. Details of the thermal analysis are pre¬ 
sented in Appendix I. 

2. Results 

Figure 1 shows the position in which the spacecraft exerts its most pro¬ 

found effect on space enclosure temperature. At noon (enclosure directly 
between earth and sun) the spacecraft exerts its maximum effect when 

located directly next to the space enclosure, not above or below it. 

At twilight (enclosure-to-sun line perpendicular to enclosure-to-earth 
line) the maximum effect is achieved by the spacecraft directly next to 

the space enclosure, on the side of the enclosure opposite from the sun. 

At night, as might be expected, the spacecraft exerts its maximum effect 
when it is overhead, blanketing the enclosure from space. 

a. Azimuthal Temperature Distributions 

The effect of placing the spacecraft in the indicated positions with the 
rigid enclosure and with the maximum estimated internal heat release of 

800 Btu/hr is shown in Figures 2, 3, and 4. The similar effects for the 
flexible space enclosure and for the maximum estimated internal heat re¬ 
lease of 1500 Btu/hr are shown in Figures 5, 6, and 7. These figures 

show how the azimuthal temperature distribution of the space enclosure 
can be expected to change if, in the orientation to obtain the maximum 

effect, the spacecraft is brought up tangent to a space enclosure. The 

spacecraft markedly influences the temperature on those sectors of the 
space enclosure which can "see" the spacecraft. 
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FIGURE 1. POSITION OF SPACECRAFT FOR MAXIMUM INCREASE IN 
ENCLOSURE TEMPERATURE 

5 



* 

A 



mggggp 

FIGURE 3. AZIMUTHAL TEMPERATURES ON A RIGID SPACE ENCI OSURE - 
TWILIGHT ORBIT 
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FIGURE 4 . AZIMUTHAL TEMPERATURES ON A RIGID SPACE ENCLOSURE - 
NIGHT ORBIT 
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FIGURE 5. AZIMUTHAL TEMPERATURES ON A FLEXIBLE SPACE ENCLOSURE - 
NOON ORBIT 
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FIGURE 6. AZIMUTHAL TEMPERATURES ON A FLEXIBLE ¿ ’’ACE ENCLOSURE 
TWILIGHT ORBIT 
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FIGURE 7. AZIMUTHAL TEMPERATURES ON A FLEXIBLE SPACE ENCLOSURE 
NIGHT ORBIT 
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b- Average Temperature 

or Jy .ÍL “"í.“CÍÒr,y SFJLr^ 
plotted in Figures 8 fnd ^6^86 radiative temperature has been 
rate for Lrh oí ^ 8 3 functlon o{ the internal heat release rate for each of the space enclosures. e 

tíni.L*^õí that th<> ,“l”ten“ce °f a confortable temperature within 

si'lt, assumed. Thus if h! “teteolir^f^-; 

vouXd limit the permissible intern.l'îe^éwto 

B- coupling of an a_stronaut TO HIS THFWMAi control SYSTFM 

»ee“íõs°«C(euíerrrar:d by an astr°"aut 0tbui“* the earth within 

be r^eTfr^1 ITbLVan^sp^ ITllZ^ 

dLous.edT:írfon„nw"r»re'cUoasr? SChe"atlC ‘“agra"S f0r tU 

!• Gas Cooling 

The simples ; way to couple an astronaut thermally to a heat sink is to 
b o„ a cool gas over his body. The gas would then be cooîedf Lh^idi- 

if ceítfl?nCeS8arí’ a? recycled- Gas cooling can be evaluated analytically 
if certain ground rules are first postulated. The results can al«o h! 
eompared with experience obtained in the various astronaut “sts !n which 
he only technique used for thermal control was gas cooling. 

In our analysis, we have assumed that the exterior boundaries of the suit 
or capsule are adiabatic (i.e., there is no net energy flow to or from 
the environment). These adiabatic conditions are achieved by the ÍuTti 

^It Tatlr USed ln SpaCe SUitS and enci°sures which effectively isolate the astronaut from his external environment. actively 

Coolant gas enters at temperature, T<n, and humiditv H Rorh nf 

™ír:racr:Pí::?:Tr vTables- r urtaiuas uaad ^ £ P out* Uout» ate dependent variables. Uhen the gas 
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3 . Cooled Wall and Gas Convection 

FIGl RF 10 . TECHNIQUES FOR COUPLING AN ASTRONAUT WITH 

HIS THERMAL CONTROL SVSTFM 
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TãT Wíth th^ S!:ln °f the astrona^, it is warned and humidi¬ 
fied. The temperature of the skin will vary both in position and time- 
however, we have assumed the temperature to be constant at 91°F (33°C)’ 

of a mañPercÍon ÍS. Cl°Se t0 the measured average-comfort skin temperature 
of a man. Cooling by sweat evaporation is mere difficult to assess. Two 

Sm te'.n S Í1 C0Mi‘i'red- In the “ evaporative*cooling 
aí 91»F. 6 SeCOnd’ the skin always w111 be wet with water 

i00’/63118“0 flOW areaS and veloclties must be chosen to deter- 
vírv i^r;; tranafer co^fic^ts. A meaningful analysis becomes 
flow ílíí1 1 ’ if mP°ssible. if the bodv contours and subsequent 
flow patterns are taken into consideration. The alternative, an assump- 

hÍw" °f %í?nStfnt Velocity at a11 Points, is also difficult to defend? 
Vr;,ti8 alternative can be analyzed, and the results will still be 

useful if interpreted in the light of the assumptions. 

a. Summary of Analysis 

Gas flowing by an element of area dA, transferring heat by convection and 
evaporating water from the surface exchanges energy at a rate: 

dQ [h (T 
skin - V + kA (H 

skin - Hg)] dA (1) 

dQ * (Cp dT + AdH) w 
O 

(2) 

If we define the enthalpy, i, as: 

i 5 C T + AH 
P (3) 

then di C dT + AdH, 
P neglecting variations in C and A 

P 
(A) 

With equations 3 and 4, and the Lewis Relation for O2-H20 systems 

hike 
P (5) 

then equations 1 and 2 become: 

dQ - <b/Cp)(iskin - ig) dA » w dig (6) 
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Equation 6 may be 

ditions, assuming 
integrated from the inlet conditions to the outlet 
some average h and Cp to give: 

con- 

(iskin " iout)/(iskin " iin) ’ exP w> (7) 

^out " iin^^iskin ~ 1in^ “ 1 ” exP hA/Cp w) (8) 

From equation 7, it is obvious why the exponential term is often termed 

due to aCsÍInew) ttenl ÍS ^ ^ t0 large h and/or A or to a small w), then i becomes essentially equal to i and the 

outlet gas is in temperature and humidity equilibrium with fiienskin and 
represents the nexfu» energy transfer. Elation 6 Integrates to! 

w (i 
out 1in^ 

and substitution of equation 8 yields: 

W (iskin - 1in) ^1 exp (- hA/C w)] 
P 

(9) 

^iaCe iskin is known from the assumed properties of the skin and ia i« an 
independent variable, then Q is determine!! by h. and 1 (Reasiiab e 
lues of the product hA are discussed in Appendix II.) Several limitino 

cases are discussed below to indicate the magnitude of the ^em!. 8 

b. Enthalpy of Oxygen and Helium-Water MlxturP« 

“!e of elJher oxygen or helium is feasible for suit cooling. The 

anriPy °í mlxtures of these gases with water vapor is given by equation 

BÍu/lb"Fe«dCC n(HÍ)e.T251B"/°b"F,,e F° “a‘" ^ ' 0’22 

would*™ v*lue lfT- ™i--.tutFco4:ra!rthr:“îr: zxx; 

w«“/!bTxys^d,tto3sr;”“d 8?La:this te"p"atu" o-°2^ 

lin “ 22)(500) + (1000)(0.0205) - 130.5 (Btu/lb) 

The maximum enthalpy out would correspond to the 

a wet skin (II « 0.121 lb water/lb oxygen at 91°F, 
gas in equilibrium with 

saturated, and P = 3.7 

Thus, (Q/w)maxiinum - 0.22 (91-40) + 1000 (0.110-0.018) 

“ If ■*" 92 » 103 Btu/lb oxygen. 
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In other cases, by equation 9, for oxygen: 

(Q/w) - 103 [1 - exp (- hA/C w) ] 
P 

(10) 

Similarly for helium: 

(Q/w) 
maximum 1.25 (91-40) + 1000 (0.87-0.15) 

64 + 760 * 824 Btu/lb He 

(Q/w) - 824 [1 - exp (- hA/C w)] 
P 

(11) 

Although helium appears at an advantage on a mass basis, oxygen has a 

slightly better (Q/w)maximu on a mole basis. Furthermore, because h 
of helium at the same Reynold's number is only about twice h, oxygen, 
we will limit further discussion solely to oxygen. 

c• Oxygen-Mater Gas Coolants 

As shown in Appendix II, the heat transfer coefficient depends on the gas 
velocity, which in turn depends upon the flow rate and flow-passage area. 
For a typical average minimum area of 0.5-inch, heat transfer coeffi¬ 

cients are in the range of 1 Btu/hr-ft2°R at 5 ft/sec to 2 at 30 ft/sec. 

To ensure comfort the gas velocity should be kept under 5 ft/sec; where¬ 
upon the value of h is close to 1.05 Btu/hr-ft2°F, and the flow is 

laminar. Furthermore, the maximum area of a man exposed to coolant gas 
is about 20 ft2. For a velocity of 5 ft/sec, P - 3.7 psia, the actual 

cfm is near 40 and w - 50 lbs/hr. Thus, hA/Cp w - 2.0 and [1 - exp 
(- hA/Cp w)] - 0.87; q - 50 x 103 x 0.87 - 45Õ0 Btu/hr. 

The value 50 x 0.87 x (0.092) * 4.0 pounds of water evaporated from the 

skin is obviously an excessive quantity, but it results from our previ¬ 
ous assumption that the skin is completely wet at 91°F. Experiments 

indicate that water losses are much less. In fact, if the skin were com¬ 
pletely dry, then equation 10 becomes: 

Q « 11 [1 - exp (- hA/C w)] 
P 

so that for a flow of 50 lbs/hr, Tj » 40°F, and the heat dissipated at 
the skin is Q - 50 x 11 x 0.87 - 480 Btu/hr. 

d. Discussion 

In the case of cooling with oxygen gas, we have arbitrarily chosen 40°F 

as the lowest reasonable value of T^. Also, the gas in contact with the 
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man must maintain a velocity of about 5 ft/sec through a 0.5-inch cross 
section. As much as 4300 Btu/hr could be removed whfn the skin is wet at 

skin’^dry?1"’ * ^ transfer decre^ to about 500 Btu/hr when the 

A very complicated parametric study could be carried out, but the merit 

ÏÎdicaCÏea?haUt «if1"8 ^ FirSt* °ur approximate caÏcuUaons 
Iffirrí h refinements in determining h are not worthwhile, since the 

.«i L îf close to uoity- s"°nd-the"'»» “‘»"s oí 
5'u If h 8 n° sweatin8. the concept of gas cooling can be 

reiL d becaU®® lt re<luires too much gas flow and compressor^ower to 
wettld reaa0nable amounts of metabolic heat. If the skin is completely 
a ? large an,ount: of heat can be extracted but at a cost of severe 
?roblM i V,:r- the ^ situation la very 
probably releases sweat to cool himself depending upon the exert-lm 
psyc ological state, but the flow values used above (i.e., 5 ft/sec or 

SeVrír- A1îh<>“*h -If” ‘ó technlcally^easlble 
dehydration penalties are allowable, there are more satlsfac „?y tier™! 

rrirriouo^tuon.^'alternatlve tMh— - -- 

2. lÍLO-raal Coupling with a Liouid-Cooled Suit 

Because the use of gas circulation cooling for high metabolic heatinv 

lamenteh«dh rateS and pumPln8 Power. a liquid-cooled undfr- 
gament has been developed (Burton and Collier, 1964 1965- Ruri-nn iqa<; 
ennings, 1966; Kincaid, 1965; and Bowen, 1963). Several basic "nee ? 

for a liquid-cooled gament (LCG) have been suggested, but the one which 
has received the most attention is that which circula es heiiouL 

yirrcSotimunT r5 are c*ther - 
risa is tolarit^Vti. u,“5 8 A “ fsmparatura 

cÍililhio!;ÍiÍ,“ii”,th'iSe ffl”“-—I«” garments in axparioants found th.y 
could control their own comfort zones rather easily by varying the inlei 

eut™ to'o’cold Zhtohey °fttS -f—tad; thj, flíctSaíad íâtí an 
v::îâd8tî:t ,“^1,^1 i5>;,ra^ zzt“ °u°r 
also notad that the body adjusts the b£„d ^ch thr^^tlón 

the u^u l”8 !1-e" aJ"ost '"S' arrangement is satisfactory; however 
Î- “Ual ',att'r” is 'o proportion the cooling tubes to match Ly ™ss)' 

when^thei¡^extremities^8— 1”d‘<:ated that the men were more comfortable' 

1964) tier! ÍiTÍ 6 COOler than their torso (Burton a"d Collier, 
ng ie îoid .r ,arar ll - “"f real ""f'tt advantage in introdüc- 

fore! ?ídií flUid the extremlties and removing the fluid at a 

was definitely deti!* i1966* ’ However’ clothing worn under the LCG 
definitely detrimental to comfort (Burton and Collier, 1965). 
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Most tested and projected LCG's circulate 200 to 300 lbs/hr of fluid 

through 30 to 50 parallel passages, with each passage A to 8 feet long. 

Temperature rises less than 10°F appear to be desirable (Burton and 

Collier, 1964); with this rise, a metabolic and ambient heat load of 2000 

to 3000 Btu/hr is possible if the fluid has the heat capacity of water. 
Pressure drops and pumping power are low, and dehydration is not serious. 

Manifolding is somewhat complex and, even if the skin temperature is 

maintained less than about 91 to 93°F (Beaumont and Bullard, 1965; 

Benzinger, 1961; and Welch, et al., 1963), some insensible perspiration 

is still present and must be removed by a small flow-gas circulation 

system or by a water absorbent built into the suit or capsule wall 

(Robinson, 1963). About 0.2 Ib/hr of water is lost by insensible perspi¬ 
ration and 0.1 lb/hr by respiration (Jennings, 1966). 

In our analysis of the heat transfer between the man and LCG, we have 

assumed the subject is in an adiabatic enclosure. Heat energy flows 

from various depths of the skin to the surface area at the tube vicinity. 

There is also an additional thermal resistance in the tube wall. Finally 
the liquid side coefficient must be considered. We present an approxi¬ 
mate model of this heat transfer problem below and conclude that the 

thermal resistance of the tube wall is the controlling or limiting factor 
in the entire heat transfer process: 

a. Heat Transfer through Skin 

Two tubes shown in Figure .1 are separated by a distance L. There is an 

outer layer of skin of depth, (, which behaves as a fin (i.e., T is a 

function of x only). This fin is fed with energy from below by the blood 

flow. There is some effective heat transfer coefficient hs which can be 

expressed as a ratio (ks/0, where kg is the skin thermal conductivity 
and Ç is an effective depth. The skin is isothermal throughout the depth 

6 at x = 0, x - L. The maximum skin temperature occurs at x “ L/2. 
Below Ç, there is some constant temperature, T^, which is probably close 
to the deep-body temperature. 

Denoting the fin temperature at any point x as T then the heat flow: 

Q (x) - (k /0 (T - T) 
8 oo 

(12) 

Defining 0o - - TQ; em - T*, - Tm (where Tm - T^,/2) ; 0 - Tœ - T, then 

the fin equation becomes, per unit dz in the direction parallel to the 
tubes : 

or 

-k —r dz dx + (k /Ç) 8 dx dz 
j 2 s 
dx 

e_ 0 

0 

(13) 
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FIGURE 11. MODEL FOR LIQUID COOLED GARMENT ON THE 
ASTRONAUT'S SKIN 
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with the boundary equations as: 

X » o, e * e 
o 

X = L/2, de/dx - 0 

The solution is: 

(0/0o) * cosh x' * tanh (L'/2) sinh x (14) 

The values x' and L' are non-dimensional vaJues; that is: 

x' * x//çT; L' = 

Reasonable values of T , T , and T are: 
“ o m 

* 98.6°F (average deep body temperature) 

To “ 89°F (lowest skin comfort temperature) 

^m * (highest skin temperature to prevent active perspiration) 

Thus, 0 - 5.6°F, 0 = 18.6°F, 0 /0 - 0.3015. 
m ’ o m o 

At x * L/2, using the 0 ratio given above, equation 14 reduces to an 
equation with only one unknown, L'. Solving: 

L' - 3.74 or 0.2675L (15) 

The heat flow into any tube, from both sides, is: 

q (tube, per unit length) * 2 k 6 (d0/dx) n 
S X* u 

(16) 

- 2 k 6 [(0 //^6)(sinh (0) - tanh (1.87) cosh (0)] 
s o 

» (2 k 6 0 /0.2675L)(0 - 0.954) 
s o 
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k is in the range of 0.36 Btu/hr-ft°F, although this varies with vaso 

constriction so: 

q “ 2 X 0.36 X 18.6 x (-0.954)/0.26751 - 48 (6/L) Btu/hr-ft (17) 

To obtain a better understanding of equation 17, suppose ó "v Ç, then by 
equation 15 6/L = 0.2675 and q ■ 12.9 Btu/hr-ft of tube. 

Most spacings of L are less than 1 inch. However, to be conservative 
let L = 1 inch (i.e., 12 tubes/ft) and q “ 154 Btu/hr-ft2. 

2 
Some 15 ft of surface (excluding head, hands or feet) will be covered 

(Burton and Collier, 1964), 80 Qt t i ^ 2300 Btu/hr (£/6 *= 1.0). For 
other ratios of £/6, ° S 

£/6 q (Btu/hr-ft ) 
«total (15 ft > 

5 69 1030 
2 109 1620 

1 154 2300 
0.5 218 3250 

0.2 345 5140 

This analysis is based upon some educated guesses for the fictitious 

lengths 6 and £. However, the estimated value of Q is reasonable and 
probably in the correct range. We have attempted to obtain better es¬ 

timates of £ and 6 and, though approximate, probably £/6 is in the range 

of from 1 to 2. 

b. Heat Transfer from Skin to Liquid 

The problem of heat transfer from skin to liquid is significant because 

only a small fraction of the tube area acts as a heat transfer area 

(Figure 12). 

We assume that the value of the outside skin temperature (Tw) is essen¬ 
tially constant but the fluid temperature (Tf) changes during flow. Let 

the flow rate be w and the overall heat transfer coefficient be U. A 
simple energy balance over length dz yields: 

dQ « U (T - T,) dA * w C dTf (18) 
w t p t 

dA = iJutD dz, = fraction of circumference touching the skin. Integrating 

from z = 0, Tf = T^n> to z, T^: 
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FIGURE 12, COOLING TUBE IN CONTACT WITH THE SKIN 
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(19) Tw ~ Tf = (Tw “ Tin) exP (“ U z/w Cp) 

dQ * h (Tw - T^n) exp (- U i^nD z/w Cp) i|mD dz 

Q ’ W Cp (Tw- Tin) 11 " exp U ^ïïD z/w CP)J (20) 

Some experiments have grouped the term (U i^ttDz) as an overall conductance 
C (including skin and wall resistance) and report values in the range of 

36 to 37 Btu/hr F (Burton and Collier, 1965). Using quoted values for Q 

(1600 Btu/hr), Tin (45°F), w (240 Ib/hr), for the Hamilton-Standard LCG, 
and assuming Tw % 80°F, the value of the conductance is about 50 Btu/hr°F. 

These are in very good agreement. (Note, the small amount of gas cooling 
carried out simultaneously with the liquid cooling is not significant; 

that is, it probably accounts for less than 5% of the total heat flow.) 

Concerning equation 20, note the effect of varying w on Q for values of 
(U i/^tiDz) given above. For example, Figure 13 shows Q plotted vs. w for 

several conductances and (Tw - T¿n) temperature differences. The increas¬ 
ing w has little effect on Q at large values of w; however, for all values 

of the conductance, varying the inlet temperature has a pronounced effect 
on Q. One might suspect that thermal control would best be handled by 

varying the inlet temperature and choosing a fixed, constant flow rate. 

(1) Estimate of ii;. lhe portion of the circumference of a re¬ 
latively soft plastic tubing in contact with the skin can be measured, and 
this calculation determined ÿ. We carried out experiments with tubes 

varying in diameter from 1.6 to 10 mm o.d. and found to vary from about 
0.26 to 0.29. An average of 0.27 was chosen. 

(2) Estimation of U. We estimated U from the design values 
of the Hamilton-Standard LCG (Jennings, 1966, and Kincaide, 1965) and 

arrived at a conductance of 71 Btu/hr0F for a cooling load of 2000 Btu/hr. 
The actual heat transfer area, including the values discussed above, 

gave about 2.56 ft2. Thus, the experimental value for the overall heat 
transfer coefficient is U = 71/2.56 - 27.8 Btu/hr-ft2°F. Values of U 
estimated from more fragmentary data were in the same range. 

(3) Estimation of Liquid-Side Coefficient. The data used to 
estimate l were also used to determine a liquid-side heat transfer coeffi¬ 

cient from standard correlations. We found the flow to be laminar but h 

values as high as 250 Btu/hr-ft2oF. Note that h >> U so that the liquid- 
side heat transfer is not controlling. 

(4) Tube Resistance. The equivalent thermal resistance for 
that portion of the plastic tube which touches the astronaut is simply 
k/x, where k is the thermal conductivity of the tube wall and x is the 

thickness. (k values range around 0.07 to 0.1 Btu/hr-ft°F and x values 
about 1/32 inch or 2.6 x 10 ft.) Thus, (k/x) ranges from about 27 to 
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FIGURE 13- HEAT TRANSFER CH A RAGT ERLS TICS FOR C-OOLING TUBES 
IN CONTACT WITH THE SKIN 
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2 
38 Btu/hr-ft °F. This value is close to the measured overall heat trans¬ 

fer coefficient (U - 27.8 Btu/hr-ft2oF). Thus, the resistance between 

the skin and the tube must be small (skin heat transfer coefficient must 

be large), and the conductance of the plastic tube wall is heat flow con¬ 
trolling heat-flow resistance. 

(5) Discussion. The controlling resistance to heat transfer 
in the present LCG units apparently is due to poor thermal conductance 

across the tube walls. Even so, the present LCG concept appears to be 

quite capable of removing normal metabolic heat loads. We show the re¬ 

sults of our calculations in Figure 14 where we have calculated the total 
heat removal by equation 20 for a specific set of conditions as noted in 

the plot. As emphasized previously, the inlet temperature is a very cri¬ 
tical variable, whereas at large flow rates, Q is relatively insensitive 
to flow. 

3- Thermal Coupling with a Cooled Wall and Gas Convection 

One possible environment for an astronaut is a rigid capsule. The astro¬ 
naut is placed in a semi-fixed position (either sitting or lying down). 

Metabolic heat is removed from the body to cooled walls of the capsule 
by convective and radiative heat transfer. The astronaut should be 

ightly clothed; therefore, it can be assumed that the outer surface of 
the man is about average skin temperature. The walls of the capsule 

may be taken as an isothermal sink at some lower temperature. Water or 

other coolant is circulated in tubes placed on the inner wall surface. 

The mathematical model for this case is based on the concept shown in 

Figure 15. The bulk (mixed mean) temperature of the gas is T(x). The 

velocity of gas in the annulus is V. A steady-state energy balance 
written over a differential length dx and unit breadth is: 

Vw p C (dT/dx) = U (T - T) - U (T - T ) 
P s c (21) 

separating variables and integrating from x = 0, T = Tq to x, T, gives: 

(2T - T - T ) 
s c 

(2T - T - T ) “ eXp 2U x/Vw p Cn) (22) 
O S C/ P 

The heat transfer from the astronaut to the gas and capsule wall at any 
x is: 

qx = U (Ts - T) + UR (Ts - Tc) (23) 

where UR is an effective radiation coefficient given by: 
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Q = w Cp (Tw-Tin) [l - exp ( U * "DZ/wCp)] 

FIGURE 14. HEAT TRANSFER FOR A TYPICAL LIQUID 
COOLED GARMENT 
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FIGURE 15. MODEL FOR THERMAL COUPLING AN ASTRONAUT 
TO A COOLED WALL BY RADIATION AND CONVECTION 
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(24) 

« 

U0 = 4 e o T ^ 
K s 

Rearranging equation 22 to solve for (T - T) and substituting in equa 
tion 23 gives: s 

U (T 
-_1)1. 2To 1 ♦V 2 L <ts + vJ 

2 U X 
VvcC 2 T 

- 1 + 
T + T 
s c 

2 UR (T0 - T.) _K S_C 

Q/unit breadth 
Vw o C 

(T + T - 2T ) 

+ 2 (TS - TC) L + UR <TS - V L 

(25) 

U (T + T ) 
s c 

Multiplying by dx and integrating over the interval x * 0 to x * L, 

2 U L. 

(26) 

To extract some useful information from equation 26, several variables 

must be specified. First, we assume that the skin temperature, T , is 

close to a typical skin temperature of an extremity (with no active per¬ 
spiration) at 90°F. We leave Tc as a variable and allow 40 to 70°F as 

reasonable values. The length, L, may be about 4 feet for a sitting 

astronaut. The width of circulating air flow annulus is very difficult 
to delineate and varies considerably for a sitting man in a cylindrical 
capsule. If we assume the capsule to be about 3 feet in diameter and 

the average diameter of the astronaut is about 1 foot, then w - 1 foot. 
The average breadth is then about 2ti « 6.28 feet. 

The properties pC vary somewhat with the gas and capsule pressure. 
For example: H 

P (psia) 

02 3.5 
He 3.5 
30% He, 70% 02 5 

pC (Btu/ft3oF) 
_E_ 

4.5 X 10-3 
3.6 X 10‘, 
4.3 X 10 

Since these values are similar, we used 02 at 3.5 psia to obtain the best 
performance. 
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These values may be used in equation 26 to yield a plot of Q as a func¬ 

tion of Tc for various values of gas velocity. (Once V is chosen, U 
may be determined.) Note the behavior of T for various values of TQ. 

If Tq » Tg - (1/2)(Ts - Tc), i.e., is the arithmetic average, then it is 

easy to see from equation 22 that T * constant - T . Also, if T0 * Tc, 

the lowest value, it will exponentially approach the arithmetic average 

temperature. In fact, with reasonable values of velocity, equation 22 

indicates that the rate of approach of T to the arithmetic mean value 

is quite slow. For example, if the gas enters at Tc and if x = L = 4 ft, 

V « 10 ft/sec, U - 0.86 Btu/hr-ft2°F, w « 1 ft, pCp - 4.5 x lO'3 Btu/ 
ft3°F, then exp [- ÍU x/Vw( Cp] * exp (- 0.043) * 0.95; that is, the tem¬ 

perature at the outlet differs only slightly from the A.nlet temperature. 

In the convective heat transfer, an increase in velocity results in the 

value of U being increased, though not linearly. We do not expect velo¬ 

cities in excess of 20 ft/sec to be tolerated, and in Figure 16 we have 
plotted values of Q for several velocities and values of T . In all 

cases, T0 = Tc was assumed. Both oxygen at 3.5 psia and 30% helium-70% 
oxygen at 5 psia are shown. 

The proposal to thermally couple an astronaut in a capsule with cold 
walls appears feasible. Only a small gas flow would be required. This 

gas flow primarily would serve to transfer heat from the astronaut to the 

cooled wall and to remove insensible perspiration and metabolic products. 
The heat removed from the capsule by the gas flow will not be large. 

Most of the 500-1500 Btu/hr removed will be extracted at the cold wall 
of the enclosure. 

4. Decrease of Azimuthal Temperature Gradients by Heat Pipes 

Maintaining a reasonable and uniform outer suit temperature for an astro¬ 

naut may be difficult. Surfaces exposed to solar radiation may become 

excessively warm, while those surfaces exposed to deep space may become 

too cold. Also, the surfaces will not remain in fixed orientations be¬ 

cause of the astronaut's movements in accomplishing his mission require¬ 

ments. Therefore, the radiation characteristics of the outer suit 

material are important in defining a maximum azimuthal temperature gra¬ 

dient (see discussion in Section II.A). In this section we explore 

the feasibility of employing heat pipes to prevent severe azimuthal 
temperature gradients. 

A heat pipe con.dins a liquid kept in contact with a warm surface. This 

liquid vaporizes and absorbs energy from the warm surface. The vapor is 
transported to a cool surface where it condenses to the liquid phase and 

releases energy. The liquid is returned to the warm surface by the 

capillary action of a wick or by gravity forces, and the cycle begins 

again. The heat transported by the vapor can be controlled by regulat¬ 

ing the capillary return flow of liquid. 

In the present concept, one might visualize lightweight circumferential 

heat pipes fitted around the astronaut or astronaut capsule. A low- 
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freezing-point fluid (e.g., alcohol) is added and allowed to vaporize at 

a low pressure; however, all other gases, especially those which are 
non-condensible, must be removed. 

The ability of a heat pipe to reduce azimuthal temperature gradients is 

illustrated by an example from Katzoff (1967). He considered an orbit¬ 

ing spacecraft with a circular cylinder of aluminum 10.4 feet in diameter 
and wall thickness of 0.020 inch. Without heat pipes to redistribute 

the heat load, the subsolar point on the spacecraft reached a tempera¬ 
ture of 250°F and the shaded side reached a temperature of -240oF (a * 

e * 0.4). With 75°F heat pipes 16 inches apart, and with an adiabatic 
inner wall, the corresponding temperatures reached 130 and 50°F. Thus, 
the uniformity of the temperature has been greatly improved. 

To control the heat flow from the astronaut within the enclosure, it 

should be possible to control the flow of vapor to zones on the outside 
wall of the enclosure where heat can be dissipated by radiation. How¬ 

ever, the difficulty with this technique is that good lateral conduction 

of heat is required from the heat pipe onto the surface of the enclosure 

so that it can be dissipated. Furthermore, the external surface of the 
enclosure must be made of a good conductor such as aluminum. 

Thermally coupling a heat pipe to the exterior surface of a flexible 

space garment will be the drawback to the application of this technique. 

C. THERMAL CONTROL USING PHASE CHANGE MATERIALS 

Fusion thermal control ioay be feasible for damping periodic orbit tem¬ 
peratures (Leatherman, 1963, and Fixier, 1966) in unmanned satellite 
missions where the heat to be dissipated is small. 

Shlosinger and Woo (1965) have suggested that a heat sink integrated with 

the space suit could be used for reasonable total heat loads. The heat 
sink would store metabolic heat during the EV mission and, after the 

mission, when the suit is regenerated the heat would be rejected. Vari¬ 

ous investigators have suggested endothermic phase change materials, 
and interest has centered on materials which liquefy near body 
temperatures. 

The concept of a heat sink is appealing because of its simplicity. 

However, this concept has three basic disadvantages which will limit 
its application for either soft flexible enclosures or rigid space 
enclosures : 

First, weights are excessive for high heat load missions. In most cases, 

high molecular weight hydrocarbons such as the paraffins have been sug¬ 

gested. These materials have low heats of fusion (less than 100 Btu/lb). 

Fixier (1966) discusses a proprietary formulation (Transit Heat 86) which 
has a heat of fusion of 130 Btu/lb and melts at 86°F. For an astronaut 

with a metabolic loud of 500 to 1500 Btu/hr, the weight of this material 
alone will exceed 5 to 15 pounds for every hour of activity. 
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stipulation that the astronaut's skin is always maintained at 90°F. 

(See Figure 18.) In addition to the LCG, there must be a small circula- 

TheV5 th!:°U®h the encl°8ure to remove the insensible evaporation. 
thP °P li“ltatlon of this system occurs when the temperature of 

75 to°8Í»? Tit r^Ur?Ün8 fr0m the external heat exchange? approaches 
75 to 80 F and the liquid circulation rate, consequently, becomes large 
(greater than about 200 lbs/hr). 8 iarge 

Figure 18 shows the impossibility of maintaining thermal control through- 
out the desired range (500 to 1500 Btu/hr) of an astronaut in a flexible 

1 —i“ r T ? °n SUrface of the «Paoecraft in a worst twi¬ 
light orbit. Control can be maintained only when the internal heat 

generated is below 650 Btu/hr. However, if the astronaut works a small 
istance from the space station, for the same orbit, it is possible to 

work successfully at rates up to 1500 Btu/hr. However, the rigid en¬ 

closure would enable the astronaut to work on the space station surface 

a“úvur(Mo"o“oo°Btí/ír?5 ^ deslred °f ^olic 

E" THERMAL CONTROL of flexible space garments 

In this section we discuss techniques for thermally controlling flexible 

?heCLfs^ni?‘ TT* earller StUdy <Rlchardso". 1965), we demonstrated 
M aslhility of increasing the conductance of soft space suit insula¬ 
tions by Injecting helium into the insulation layers. Here, we further 

discuss the helium injection concept and propose a mechanical compression 
concept for increasing the conductance of soft space suit insulations. 

In a later section, we estimate the effects which wrinkles and folds in 
the outer surface of a soft space suit might have on the thermal per¬ 
formance and well being of the space suit. 

1* Variable Conductance by Helium Inlection 

The effectiveness of good multilayer insulations depends to a large ex¬ 
tent on the evacuation of gas from between the radiation shields. By 

injecting a small amount of gas such as helium into the space between 

e insulation layers, the conductance and thus the heat flow can be in- 

ÍRiíh!^Lm°íoAsÍan thr TdeTS °f magnitude- In our Previous work 
(Richardson, 1965), we found that to effectively remove heat from within 

shnP?HeKSUlt f° che external surface, the conductance of the insulation 
should be maximum when helium is present. Therefore, we developed an 

insulation which at all times has good radiant heat transfer character- 

in RÍS/f?2dKWoí.ChuhaS an aPParent dermal conductance of greater than 
10 Btu/ft^-hr F when tilled with hellem at 3.7 pala and thermal tondêc- 
tion less than Q.Q1 Btu/ft2-hr°F when well evacuated. 

When applied to a section of a space suit arm, the maximum average con¬ 

ductance of the insulation when it was filled with helium at 3.7 psia 

was about 4 Btu/ft -hr°F; the minimum conductance of the insulation was 

about 0.3 Btu/ftWF when it was evacuated. Although this range of 

control of conductance is less than predicted, development of application 
techniques should gain the desired range of operation. 
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FIGURE 18. OPERATING CHARACTERISTICS OF A SYSTEM 
COMPRISED OF A LIQUID COOLED GARMENT 
AND AN EXTERNAL RADIATING SURFACE 
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and 'evacuation TfTelTuÍ Into It ZTlalVonT™11?* 
thermal needs of the astronaut u« t lati° layers in response to the 

«he heu» gas t0 fLrtT;'3ui“aônfírí,cíe uru ,akes 
section and the time it takes for th*> ^ i ^nJectei^ at the waist 

conditions when again exposed to vacuu^în ^831° l0W heat flov 
quired for either high condurtan^ i’ 0 cases, the time re- 

was about 10 seconds8 ^ a “dêî " °U frdUC‘anCe to b<! 
path length to be 3 feet and the total thC avera8e evacuation 
layers to be 0.033 inch. °Pen space in the insuiation 

rot the 
utilize zone control of the heat flow from th therefore* Possible to 
those portions of his space suit which h ^111, For example, 
to dissipate heat whilaí! h haVe 3 C°o1 vlew will be used 

evacuated to reduce heat 110^1^0^^1^ ThT 3 "^í" VleW Can be 
need only an external temperature «en *• j contro1 system would 
temperature of the space suit Llo w ?etennine if the outside 

and an internal temperature sensor to^etfn 1°* 'it*1 t0 be dissiPated 
which must be dissipated. nnine if there is excess heat 

2* ^able Conductance bv Insulation Comnrecc^n 

thr.nuegxí ¡r^r^^rí^Y' ~u°* ^ ^ ^ 
By compressing the insulation the * applying SIna11 compressive loads, 
brought into close contact wUh each^th"8 and/adiati°" shields are 
conduction through the insulation is ^ the P°int-to-Point solid 
basic and applied studies of in« i ® lncr®ased- In conjunction with 

Little, Inc!T 1964, 1966), we h^ví found tFSTK*10 ^386 (Arthur D- 
area chruugh IneulalluJ^^^e^ 

q % Pn 
(27) 

where 0.5 < n < 0.66. 

ïo'ad o^^Íe^ns'uiatLrí^S.ilnla'bÍe the c°n>Pressive 
plate calorimeter tests of the in \ Jfbl /1 by USing the results of fl 

of the compressive load which the insultioRiChar^80n, 1965^’ an estima 
and an estimate of the radiatif he^ í /^"16"“0 in these te8ts. 
suits (Figure 19) indicate tíat th! ^°8^ COntrlbutlon- The re¬ 
achieved when the insulation / ^ maximum conductance which may be 

pressure of 3.7 psia is 8 Etu/ft^-h^p88^ tí the standard soft suit 
will be about 0.4 Btu/ft2-hr°F which r ” the minimum conductance 
of .bout 0.02 psia.C Thus bv vÏÏ.Î C°rre,''°"<i> "> a roaldu.l compras,: 

insulation, wa^houid ba o L a ',^^"^10" 8Pa" SUlt 
trol as is possible with helium injection *“* de8ree ^ 
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TABLE I SPACE SUIT INSULATION LAYERS 

P-1807-A neoprene-coated rip-stop nylon fabric 

(black side facing the center of the insulation) 

0.003-inch nylon netting 

SRD-59Q5 neoprene-coated dacron fabric (5 oz) 

0.003-inch nylon netting 

SRD-5905 neoprene-coated dacron fabric (5 oz) 

0.003-inch nylon netting 

P-1807-A (black side facing the center of the 
insulation) 

6-oz Nomex HT-1 fabric 
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One scheme for applying compression to a soft suit whose insulation is 

located outside of the gas restraint layer is to transfer the load- 
bearing function from the gas restraint layer to the outermost layer of 

the insulation. The insulation then will become compressed to the 

pressure within the space suit (currently 3.7 psia). When it is desired 
to insulate the astronaut, the load is transferred back to the internal 

restraint layer, thereby releasing the insulation from compression. 

An experimental evaluation was made of the heat flow through an insula¬ 
tion which was compressed at 3.7 psia on the arm-section calorimeter. 

Results are summarized in Section III.A. 

Although compression of the insulation appears to be a feasible means 

for increasing the heat flow through the insulation, there are several 
major drawbacks to its application to a space suit. By simply trans¬ 

ferring the load from an inside layer to the outside layer, the insula¬ 
tion around the space suit section becomes compressed. It is, therefore, 

impossible to increase the conductance of just the front of the suit 

without increasing that of the back also. There appears to be no way 

of locally increasing the compression in the insulation. 

Another drawback of compressing the insulation is that the mobility of 
the space suit will be greatly compromised when the outer layer is load- 

bearing and the insulation is in compression, because the added layers 
of the insulation must then be flexed with the gas retaining layers of 

the space suit. 

3. Thermal Effects of Folds in Space Suits 

In this section we considered the possible adverse effects which folds 
in a space suit might have on the radiative thermal balance. Folds 

act like blackbody (or dark-gray body) cavities and present to space a 
substantially different solar absorptance-to-thermal-emittance ratio 

than does the open flat surface of the suit material. Although local 

hot spots in folds are possible, the fraction of a space suit which 

will be wrinkled at any time is small compared to the entire surface 
area. Thus, we do not believe that folds will have a large effect on 

the overall thermal balance of a space suit. 

a. Average Effects 

To determine the fold's effect, we assumed the fold to be represented 

by a V-groove with included angle 0 and the space suit surface to have 

diffuse reflectance properties. Two cases were considered: (1) where 
parallel radiation enters the V-groove and (2) where diffuse radiation 

either enters or leaves the V-groove. Sparrow and Lin (1962) discuss 

the case of parallel rays entering a diffuse V-groove, and present the 
effective solar absorptance as a function of the original surface ab¬ 

sorptance and 0. They also discuss the absorptance of diffuse incident 

radiation for a diffuse cavity. Sparrow (1965) shows that for diffuse 
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—Sr?- £ :r-b>q5 ;y 
b. Maximum Effects 

We determined the maximum effects on the effective abanrnt-an^ j 
tance by examining tbe flux abeorbed (or eluuírfbon^lfüre^tu“' 

ih aêriu^cï^rifr^r^:'- Ihe analysls is prese'’ted *" 

The effective absorptance and emittance of both illustrative cases 
approach unity as the fold angle approaches zero. For t£e worst orbit 
position, which we identified in our analysis, the radiant flux fillí 

177 Btu/fÎ28ï 0f d/]eCt Solar radlati°n of «42 Btu/ft2-hr, albedo of 
177 Btu/ft -hr and long wavelength radiation (earthshine and heat from 
an adjacent space station) of about 66 Btu/ft2-hr From t-v. u 
combinations and with a V-eroove uMrh h ’i Fr° these heat flow 
(a > 1 0 f _► i q\ 8. ’ w^ich has an angle approaching zero, 
approach * 370®F^if^ there 7 i equilibrium temperature in a fold might 
approach J70 F If there is no lateral heat flow through the folded mate- 

ha *.*j actual space suit EV garments, there will be lateral flow of 

u a ho::ietr;alf°f the foid uhich uui r,!d““ ^ 

sb”;itu° . .e:r.r;u”:°u},dy‘a”c“to"*bleontanastronaut's 1 , outer layer or the EV garment outer uai I 
ormal circumstances, the maximum temperature which will exist on 

the astronaut will be 180°F (see Ficn.rp s'» u u 1 C 
perature in the foia i 6 f*gure 57• Although the maximum tern- 

tdoperacure It u . Í greater than the “"folded „axtau. 
„3! . b0Ut e!lual t0 the desi8" terperature limit for EV space garment materials. or LV 

F. 
S?LK^L INJECTTQN OF GAS INTO THE INSIH.ATTn* 

We investigated the feasibility of thermal control in a flexible soft 
space suit by transiently increasing the heat flow through the insula- 

injectefirïo the ^ CO"8fd*red* a sma11 am°unt of gas (helium) is 
injected into the evacuated layers of the space suit insulation Previ- 

the thrk h?d Shrn that the presence of a 3mafl amount of gas increases 
the firmal conductivity by almost a factor of three (Richardson 1965) 

WtiL feaf ÍUíy °f transiently increasing the conductance bC in 
j g gas into the insulation will depend upon how well the heat flow 
can bd controlled and how fast the system wlli re.ponS w. calc” ateS 
the time required for the insulation to outgas and regain the orizi^Í 

£ íasanií;”„:anditian8 “hidh a-s-d - - '"“ct'r^L 
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120 150 180 

Fold Angle 9 - Degrees 

FIGURE 20. AVERAGE AND MAXIMUM EFFECTIVE 
EMITTANCE AND aa/ca FOR SPACE 
SUIT SURFACES WITH FOLDS OF ANGLE 0 
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In the model used for transient evacuation, gas is injected into the 

insulation at a location near the astronaut's waist and flows laterally 

through the spaces between radiative shields until it exits at the edges 

near the extremities of the body (i.e., the wrists, ankles, and neck)8 

The average path length was assumed to be 3 feet and the total effective 
open space in the insulation layers to be 0.033 inch. 

To obtain a conservative estimate of the time required to evacuate the 

insulation from 100 to 10 5 torr, we assumed that the evacuation process 
is by free molecular flow through the whole range (actually, two flow 

regimes occur in the transient evacuation; laminar flow occurs in the 

pressure range lOOto 1 torr and free molecular flow occurs In the pres- 

torÍessnthaí 10-4 t4 1116 Pressure ls calculated to drop from 100 
to less than 10 torr in less than 7 seconds when the edge of the insula¬ 
tion is suddenly exposed to the hard vacuum of space. 

For purposes of thermally controlling the heat flow through space garment 

tLn^^ínM^e^i^8Ulfti0n8, thÍS evacuatlon time is instantaneous. Thus, 
Ío a ÍnjeCíln8 a sma11 amount ot S3« into an insulation in response 
the he!r fl anTin"ea8e in the hfiat flow will not significantly affect 

injected Íl0W' ïeCOme effective* the gas must be either continuously 
intil was^ful procedure) or retained by not allowing it to escape 

Ug the in8ulation ls again desired. The latter 

Richardson Í965)qUe ^ ^ dÍ8CU88ed (Section 11-E. and 

G. LOUVERS FOR THE THERMAL CONTROL OF RIGID SPACE ENCI.OSIIRFS 

All of the techniques described for the thermal control of flexible space 

enclosures are directly applicable to the thermal control of rigid space 

ITlToT/8' h0Wevel;' louvers are uniquely applicable for thermal control 
ot rigid space enclosures. 

1. Background 

îrjïn C0nÍu0l,by 3 l0UVer SyStem was first used in the Mariner 
II Venus Fly-By. The louver systems, since used in several unmanned 

ln!CLíríl0ra 0n^’ are b3Sed °n an array 0f movable vanes, which have 
k6 ®“rface8 on both 8ldes and which are controlled thermo¬ 

statically by bi-metallic sensors. These bi-metallic sensors actuate 
the vanes from a fully closed to a fully open position over a predeter- 

mined temperature range. Arrays of vanes are placed over surfaces of 

high emittance and control the effective emittance of this base surface 

^diaÍÍonarMyidS cl°sed‘ the vanes act ifke a single low-emittance 
radiation shield against dissipation of heat from the high-emittance 

basepiate surface to space. As the vanes open, the effective emittance 

of the louver and baseplate system increases because the baseplate view 
to space is increased. In effect, the louvers are a heat flow valve 
controlling the heat flow out of the baseplate to space. 
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. 1 

Plamondon (1964) has analyzed the thermal behavior of louvers which have 

the same emit tance on both sides and which are always oriented so that 
no sunlight falls on the louver system. To simplify the analysis, he 

assumed that the low emittance surfaces of the louvers are diffusely 

emitting and diffusely reflecting. Actually, the louver surfaces are 
not diffusely reflecting but are highly specular reflecting. 

Parmer and Buskirk (1967) analyzed the thermal behavior of louver sys¬ 
tems in the sun as well as in the shade. They assumed that the louver 

vanes were diffuse emitting but specular reflecting, that the louvers 

had the same surface properties on both sides, and that they were polished 

aluminum. Their analysis shows that the temperature of polished louvers 
covering a diflusely emitting white baseplate can reach extremely high 

values for certain sun and vane orientations. For example, the louver 

system geometry, surface properties, and operating temperature summarized 

in Table II show that the vane temperature is almost 590°F when the vanes 
are at 45° to the baseplate and the sun is directly overhead. Further, 

to maintain a baseplate temperature of 70°F, approximately 70 Btu/ft2-hr 
of heat must be removed from the baseplate. Thus, to control the base¬ 
plate temperature, heat must be extracted from the system. The louver 

system as designed is, therefore, incapable of controlling the baseplate 
at a reasonable temperature (70°F), because the vanes absorb more solar 

energy than they can radiate away and, consequently, their temperature 
rises. 

2. Louver Operation in Sunlight 

By careful selection of the surfaces of both sides of the louvers and 
of the baseplate and of the mode of operation of the louver system, a 

system can be devised to provide thermal control of a baseplate at a 

temperature of 70°F even when operated in the sun. Figure 21 illustrates 
a system with a diffusely emitting baseplate covered by a system of 
louvers which, when closed, have a white diffusely emitting surface 

facing the outside and a highly polished aluminum specular reflecting 

surface facing the baseplate. We simplified the control system for 
this set of louvers by specifying that they would operate in both, the 

fully closed and the fully open position, depending upon whether we want 

to conserve the heat flux or to increase the heat flux from the system. 
In our analysis (see Appendix IV), we considered only operations with 

the louvers fully opened and fully closed, in sunlight and in shade. 

For sunlight conditions, we assumed the sun to be directly overhead. 

Intermediate orientations were not analyzed, and some difficulty might 

be encountered in the performance of this louver system when the sun is 
oriented at an angle other than directly overhead and the louvers are 

at angles other than open or closed. Summarized in Figures 22, 23, 24, 

and 25 are the predicted heat fluxes per unit area and louver tempera¬ 

tures for the four operating conditions. Note that in all operating con¬ 

ditions a net heat flow from the system is possible and that at no time 
do the louver vane temperatures become excessively warm. 
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TABLE II SELECTED LOUVER OPERATION CHARACTERISTICS 

Source: Parmer and Buskirk (1967) 

Baseplate (white surface) ag ■ 0.20 

e - 0.85 

Louver (polished aluminum—both sides) o ■ 0.17 

e - 0.05 

Baseplate Temperature t * 70°F 

Sun AnRle 

Louver 
Position 

Louver 
Temperature 

(°F) 

Net Outward Heat Flow 
q (Btu/ft2-hr)- 

0 (overhead) open 

45° 
closed 

365 
590 

415 

5 
-68 
-40 

40 open 465 

closed 350 

20 
-32 

80 open 360 

closed 140 

85 
-10 

90 (shade) open 
closed 

115 
0 
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Louvers Closed 

Louvers Open 

e = 0.02 
o 

White Baseplate Surface a = 0.10 
o 

€ = 1.0 
o 

I ) / < ► < 1 ( 1 < > 

Vi W VV VV vv-rr 

Z 
Baseplate Which is Thermally Coupled 
with the Interior of the Spacecraft 

FIGURE 21. SCHEMATIC OF LOUVER SYSTEM FOR OPERATION 
IN SUNLIGHT 
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FIGURE 22 . BASE AND LOUVER TEMPERATURES FOR OPEN 
LOUVERS AND THE SUN OVERHEAD 
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o 20 40 60 80 100 120 140 160 180 200 

Heat Dissipated - Btu/ft2-hr 

FIGURE 23. BASE AND LOUVER TEMPERATURES FOR OPEN 
LOUVERS IN THE SHADE 
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SECTION HT 

EXPERIMENTAL PROGRAM 

r :":r“ " 
analysis and to provida engineering design data. Parfonnanoe 

A* -THERMAL CONTROL OF FLEXIBLE SPACE t.armfmtc 

of va^8i^arhe°f C5e exPerimental Program, we investigated the feasibility 
insulHÍ 8 ! conductance of a space suit insulation by compressine the V 

íêãt fí™ thü Tr”8 “• b"“ fl0" »‘»“iated earth orbits ?he 
(Richíídioi ?965) Li“"' lM“laUon uhe” '“•compressed was also measured 
Mon ?’ ;í?>’ ^ co“Pari8ons show that compression of the insula- 

on is a feasible technique for controlling heat flow through flexible 

r^chïeied08“1"10118' bUt that the predlc?ed 0fTX:T 
la Test Configuration 

A cylindrical section representing an arm section of a soft snace nuit 

with^n^electrical8^8 half‘Cyllnder calorimeters, each equîppëj 

cloth anchored to the bulkheads of the «íoTl^r ^bí}'' °P n,1°" 

IS' 01Ôo3'ínTdr,Ul?Peí Wlth el8ht copper-con. tan tan thermocouples (No. 
ar’rhl diameter), equally spaced circumferentially in a nlLe 

“iddle of the calorimeter assembly. They measured^he ciëcumfer- 
ntial temperature distribution on the inner wall of the space suit/ 

2* Insulation Tested 

The insulation tested on the arm calorimeter was comprised of the laver« 

iHS« 27n Table 1 8PPlied °Ver the bladder and 8hown achematically 

ÏÏe«MÎeM°8t 1^?r °f the ln8ulation (6 oz nomex) was carefully secured 
by stitching, while the tension in the laver was Íl 8^red 
as possible. This outer laver absorbed rb *«pt as close to zero 
r It. vui.er layer absorbed the pressure load when the 

of the arm section was Inflated, and the Insulation Is^êrs became Co!? 
pressed at the pressure of the arm section (3 7 nsia) This i i 

fereniril<,i?ht C°S>Per'CO'’‘ta"tan thermocouples. ecuaily ^aced clrc™- 
íhI™ÒÍÕ Î " a Plfne “ the "iddla of Oc calotlLter assembly? ííé 
thermocouple, were located radially above the thermocouples on tie ÍÍÕer 
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FIGURE 27. SCHEMATIC OF SIMULATED ARM SECTION 
WITH INSULATION 
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bladder layer—thus allowing the measurement of circumferential tempera¬ 
ture differences across the insulation layer. 

The outermost layar of the insulation was painted with a thermal control 

coating (S-13 Silicone paint). Table III summarizes the solar absorption 
and the emit tance characteristics of this coating. 

3. Test Program for Insulated Ann Section 

The insulated arm section was tested in our space simulation chamber 

(Figure 28) at a pressure of 1.4 x 10"' torr where solar radiation and 

earthshine were simulated. A complete description of the facility, its 
capabilities and calibration, and the test procedures can be found in 

our original report on thermal control in flexible space garments 

(Richardson, 1965). The heat input to the calorimeters was Increased 
incrementally, and the temperatures of the calorimeters in the arm sec¬ 

tion were measured when equilibrium was reached for each heat input level. 
Two orbit positions were simulated: in the earth's umbra and on the 
earth-sun line. 

4. Test Results 

a. Equilibrium Temperatures 

Calorimeter equilibrium temperatures were measured when equilibrium was 
reached for each heat input level to the calorimeters. The object of 
thjsc lests was to determine the maximum metabolic rate possible before 
tue astronaut will experience uncomfortably warm skin temperatures. It 

was assumed that the calorimeter temperatures would be indicative of the 
astronaut's skin temperature. 

Equilibrium temperatures as a function of the total Internal heat gen¬ 

erated (on the basis of a whole space suit whose total area is 20.5 ft2) 

are summarized in Figure 29 for operation in the earth's umbra and on 
the earth-sun line. Included in Figure 29 are the measured results 

(Richardson, 1965) for the same insulation loosely wrapped around the 

arm section (no compression in the insulation layers). The net Increase 
in the internal heat which can be dissipated at a given calorimeter tem¬ 
perature thus results from an increase in the solid conduction through 

the insulation when it is compressed to 3.7 psia. Figure 29 shows the 
range of the astronaut's skin comfort zone (82.4 to 89.6°F). 

In the case of operation in the earth's umbra, there is a substantial 

range of control of heat flow through the insulation when the insulation 
is compressed from residual to 3.7 psia. Uncompressed insulation has a 

maximum metabolic rate of 600 Btu/hr before the allowable skin tempera¬ 

ture is exceeded. If the insulation is compressed to 3.7 psia, the maxi¬ 

mum metabolic rate increases to almost 1100 Btu/hr before the same com¬ 
fortable skin temperature is exceeded. 
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The other case, the earth-sun line, has a considerably narrower range of 

control of the heat flow through the insulation between the uncompressed 
and the compressed cases. As in the previous case, the maximum metabolic 
rate possible before the allowable skin temperature is exceeded is 600 

Btu/hr. However, when the 1 isulation is compressed to 3.7 psia, the maxi¬ 
mum metabolic rate increases to only 750 Btu/hr before the same comfortable 

skin temperature is exceedec. This narrow range of heat flow control is 
attributable to the high skin temperatures which occur on the arm section 
when exposed to solar, albedo, and Increased earthshlne radiation when 
operating on the earth-sun line. 

b. Azimuthal Temperature Distributions 

The azimuthal temperature distributions on the inner and outer walls of 

the insulated space suit arm section were continuously recorded during 

the test program. The temperature distributions for the two orbits simu¬ 

lated are summarized in Figures 30 and 31. The reported azimuthal tem¬ 

perature distributions are for the equilibrium calorimeter temperatures 
In each orbit which are close to the astronaut’s comfort zone. 

Temperature distributions for the insulated arm section in a simulated 
orbit position on the earth-sun line are given in Figure 30. For a 

calorimeter average temperature of 98.6°F, the compressed insulation 
allowed a net heat flux per unit area from the arm section of A0.7 Btu/ 
ft -hr which corresponds to an astronaut's -.verall metabolic rate of 916 

Btu/hr. Figure 31 summarizes the temperature distributions around the 
arm section for a simulated orbit position but in the earth's umbra. For 

a calorimeter temperature of 7F.9°F, the net heat flux per unit area from 

the calorimeter was 52.9 Btu/ft2-hr, which corresponds to an astronaut's 
overall metabolic rate of 1080 Btu/hr. 

c. Insulation Conductance 

Point-by-point conductances around the model were calculated for all mea¬ 
surements of azimuthal temperature distributions on the inner and outer 
walls of the space garment insulation. We assumed that the heat flux 

per unit area through the space suit was constant, and we calculated 
average conductance: first, from the temperature difference between the 

inner and outer walls of the suit; and, second, from the temperature 

difference between the calorimeter and the outer wall of the suit. The 
second calculated conductance accounts for the resistance of the gas 
layer between the calorimeter and the inner wall of the insulation. The 

results are summarized in Table IV, as are the results of the measured 
conductances for the same insulation not compressed (Richardson, 1965). 

Table IV also summarizes the ratio of conductance for the compressed 
and uncompressed insulation in both the umbra and on the earth-sun line. 

From tala ratio we can see that it is possible to achieve control of the 
insulation conductance by compressing the insulation; the conductance 

increased by a factor of 3.1 in the earth's umbra and by a factor of 2.2 
when on the earth-sun line. 
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Angle Around Arm Section - 
Degrees from the Earth - Sun Line 

FIGURE 30. AZIMUTHAL TEMPERATURE DISTRIBUTIONS -- 
SPACE SUIT SECTION ON THE EARTH-SUN LINE- 
COMPRESSED INSULATION 
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Angle Around Arm Section - 
Degrees from the Umbra Centerline 

FIGURE 31. AZIMUTHAL TEMPERATURE DISTRIBUTIONS - 
SPACE SUIT SECTION IN THE EARTH'S UMBRA - 
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B* THERMAL CONTROL LOUVERS FOR RIGID SPACE ENCLOSURES 

To determine the efficiency of louvers in thermally controlling rigid en¬ 

closures we analyzed, designed, and fabricated a 6-inch-square louver 
module aud tested it in our space simulation chamber. 

1. Thermal Design of the Louver Model 

In Section II.G, we analyzed the performance of thermal control louvers 

operated in sunlight. We extended this thermal analysis to determine 
the performance of the 6-inch-square louver model shown in Figure 32 

when exposed to simulated solar radiation from a xenon lamp. At the be¬ 
ginning of the design process, we determined the emittance and absorp¬ 
tance properties of the louver and baseplate surfaces. 

a. Emittance and Absorptance Measurements 

Measurements were made of total hemispherical emittance on the candidate 
materials summarized in Table III. Measurements also were made of spec¬ 

tral total reflectance versus the reflectance of magnesium oxide (MgO). 

Solar absorptance was calculated by a program which accounted for the 
absolute reflectance of MgO, the sample reflectance, and the measured 

solar spectrum. This program wac modified to calculate the absorptance 
of the samples to our simulated solar beam which utilized a xenon lamp. 
Values of solar and xenon absorptance are summarized in Table III. For 

the baseplate and the top of the louvers, we used the Dow Corning Thermatrol 
white paint (silicone polymer with TÍO2 pigment). For the bottom side of 
the louvers, we used chemically polished aluminum. 

b. Louver Performance and Estimation of Losses 

The theoretical operating performance of the 6-inch-square louver module, 

shown in Figure 32, was calculated for both the open and closed state and 

in the shade as well as in simulated solar radi- tion (xenon solar simula¬ 

tion). Figures 33, 34, 35, and 36 summarize the results of these calcu¬ 
lations, along with the surface properties ¿hich were used. 

We next estimated the losses which might occur for each orbit situation 
from the side rails, through gaps between louver vanes, and through the 

insulation. These losses were then added to the theoretical performance 
to obtain the net heat flow from the louver module which would occur 

during simulated orbit tests in our space chamber. These results are 
summarized in Table V. 

By analysis it was determined that the minimum losses would occur from 
the exposed aluminum framework (side rails) of the louver module if we 

thermally connected them to the baseplate and then polished them to 

achieve low emittance and low solar absorptance. Because the solar ab¬ 
sorptance of aluminum is higher than its emittance and the side rails 

are maintained at about 80oF, there is a net influx of solar heat into 

the side rails when they are exposed to sunlight. Thus, the net heat 
flow from the louver module is reduced by this absorbed heat flow. 
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Baseplate Heater 

Side Rais 

Vane Linkage 
Wires tor Supporting Moldin the 
Space Chamber 

3 Layers of Multilayer 
Insulation 

Baseplate 

Solenoids for Activating the Louvers 

FIGURE 32. LOUVER TEST MODEL 
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LOUVERS IN SIMULATED SOLAR RADIATION 
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FIGURE 34. BASE AND LOUVER TEMPERATURES FOR 
OPEN LOUVERS IN THE SHADE 
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TABLE V SUMMARY OF LOSSES FROM LOUVER TEST MODEL 

Orbit Situation 
Net Heat Flow from the Model 

(Btu/hour) 

Open in the shade 

Open in the sun 

Closed in the sun 

Closed in the shade 

1.2 

-1.3 

-1.2 

1.3 
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2• Fabrication of the Louver Model 

andTo¿ Î Í *. .Vane® for the louver configuration, each 6 inches long 
and 1.04 inches wide. The vanes had pivots near the centerline of their 
ong axis and were spaced on 1 inch centers in a framework which was at¬ 

tached mechanically and thermally to the baseplate. The vanes were de- 

"T °ffSe^ °n °ne edge Whlch overlaPPed the adjacent vane to 
minimize the losses from gaps which might occur when assembled. The 

louver actuation solenoids and linkage and the thermostatic control cir- 

coter ãndeiaÍ!aChed ^bottom surface of the baseplate. An aluminum 
cover and 3 layers of insulation were placed over the back surface and 

sides of the louver model, each layer comprised of 0.00025-inch, double 
aluminized myiar radiation shields and two spacers of 0.003-inch silk 

to Üs®'thIÜ ! í“;1“10” rMUted the back l08ses fr°" th<i -«-le 

The louver system shown in Figure 32 was designed to operate with the 

louvers either fully opened or fully closed. Louver action was controlled 
by sensing the temperature of the baseplate. When the temperature in- 

creased above a fixed point, a thermostat switch actuated a control cir- 
uit which energized a solenoid attached to a mechanical linkage which 

opened the louvers. When the temperature of the baseplate decreased 

below another fixed point, a second thermostat switch actuated its con¬ 
trol circuit to energize a solenoid which closed the louvers 

beat^rs were attached to the baseplate and thermocouples were 
ched to the baseplate and the louver vanes. Heat input to the louver 

system was controlled by a variac and measured by means of a calibrated 
wâttractcr • 

Waa taken in selecting and preparing the thermal control surfaces 
of the louvers to insure that their absorptance and emittance would be 
the same as those which were measured during the materials screening 
phases of the program. 8 

a. —‘eory an<* Operation of Louver Control System 

wïrh rí analysls of the behavior of the louvers indicates that operation 

tha? h6 Van6f OPen °r Cl0Sed ln direct sunii8ht is possible and 
ÍhP h by JarefuJ ^h°;ce of the surfaces for the vanes, the temperature of 
the baseplate will always remain cool enough so that heat can be dissi- 

pated. Thus the control system for the louvers needs to sense only the 
temperature of the base and to open the louvers when the temperature 

rises above a set point and close them when the temperature drops below 
another set point. K 

In the design of the louver controls, we used the following criteria: 

baseplate temperatures 

maximum s 80°F 

minimum = 70°F 

71 



« 

I 

response time 

cycle time 

continuous power 

actuation voltage 

60 seconds 

< 20 milliwatts 

24 volts d.c. 

A bloc k diagram of the control circuit Is shoüÜ 0" t“"perature f*U. 
tion, the thermostat switch actuates th*> K<in Figure 37* In opera¬ 
te solenoid for a long enough time so that thp1?8 ClrCUlt whlch energizes 
opened or fully closed® At fhe end If lu Í louvers can be fully 

noid reaches a minimum level which holds^h*51118?’ ^ P°Wer t0 the sole" 
as follows: lch h°lds the s°lenoid. The circuit works 

When the thermostat contacts close the 2SO , „ 
Figure 37 discharges into tL HIV ? r ufd caPaclt°r shown in 

the transistor info full c^dufîÏo^thÎTï^i^ h\fS resistor to ^ 
noid during a period of approximate!v i pplFlnß volts to the sole- 
solenoid remains closed hv the ^ 1 second, thus closing it. The 

controlled“eaîage current ^Jorce resulting from a 

coil from the collector circuit!>PrOXÍmately 0‘2 ma through the solenoid 

3‘ —at Frogram for houver Module 

«%1^%^«dof1%:;gxt;;-^ofrourTh%pacenimuíatíon chamber (Fi«ure 2«> 

ffdíatí001^ WÍth llqUld nitr°8en t0 al^late°outef s^ac'e radiation was simulated Hnuewe- un ÜUter space, and solar 

Uted. Thun, th" t™ ortlt uhí h' *"“ >‘»d- 

the louvers feeing the sun and ib) with Ïien ficinä öäi““* (*) ulth 
no s mlight. Figure 38 show i, . acing outer space and with 
slmu' etlon chamber 

ïnfLLh:dS^fnSfLUlî;uv^fsU"pen^f^n^%h^natt;nPUt t0 baSeplate Was 
until steady-state temperatures were obtained ^ held constant 
baseplate was then increased and I n b ThC P°Wer lnput to t,,e 

achieved. This procedure wa¿ followedWun?il fíe^hree^r^11” 
operating points summarized in Table VI were oÜtaÎneT Steady-State 

tí: ru*- prr ievei was decreased 
The louvers were fhe“ cwTw ^ 8teaùy-state temperature near 80«F. 

basepUte again reached a stead;-^^:0^^^^^.^^^-:6' 
simulator then was turned off and , . BU F> 1116 solar 
until a steady-stats temperature near 8o“f™ 

i-¡:.“:d*dí¡t“*:'^:”!á;8M”iír::- th'tp°“ec ^ a wattmeter and the temperatures of the baseplate and 
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CIRCUIT BLOCK DIAGRAM 

£ Louver Base Surface 

Louvers 

FIGURE 37. LOUVER CONTROL SYSTEM 
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FIGURE 38 LOUVER THERMAL CONTROL MODEL IN 
SIMULATED SOLAR BEAM





two of the louvers were measured. The results of these tests for the 
four orbit situations are summarized in Table VI. 

The heat input to the baseplate was then increased to 95.5 Btu/ft^-hr 
in order to determine how well the louvers can maintain the baseplate 

within a temperature range under steady heating conditions. The time 

versus temperature characteristics for the louver system operating in 
the shade are shown in Figure 39. 

Because the baseplate temperatures were about equal for each of the four 

operating situations, the performance of the louvers summarized in Table 
VI can be compared. Note that heat always flows from the baseplate. 

Table VI summarizes the estimated total heat rejected from the louver 

model. This predicted performance comes from Figures 33 through 36 and 
from losses summarized in Table V. 

A comparison of the total heat dissipated in Tests Nos. lb and 4 in Table 
VI shows the range of control of heat flow afforded by louvers operating 

on the shaded side of a space enclosure. The ratio of heat rejected by 
open louvers in the shade to heat losses by closed louvers in the shade 

is 2.9. The range of control of heat flow for louvers operating on the 

sunlight sice of a space enclosure can be obtained by comparing Tests 

Nos. 2 and 3, and the ratio of heat by open louvers to closed louvers is 
6.5. A comparison of the heat dissipated in Tests Nos. lb and 2 shows 

the effects on heat flow which occur when open louvers on the shaded side 
of an enclosure are suddenly moved into the sunlight. The ratio of heat 
rejected in this case is about 2.5. 
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SECTION IV 

CONCLUSIONS 

The analytical and experimental work performed in this program produced 

several conclusions about techniques and materials for the passive thermal 

control of rigid and flexible extravehicular space enclosures. 

1. The degree to which passive thermal control can be applied to an 
orbiting enclosure can be determined only by performing an orbit thermal 

analysis which takes into account: 

a. Radiation exchange with the external environment (solar, 

albedo, earthshine, and radiation from other nearby objects); 

b. Heat generated internally; and 

c. The geometries of the enclosure and adjacent bodies. 

Passive or semi-passive thermal control is possible only when the average 
external temperature of the enclosure is less than the desired internal 

temperature. 

2. The presence of a spacecraft markedly influences the temperature 

on those sections of the space enclosure which see the spacecraft, and 
it reduces the amount or metabolic activity which an astronaut may exert 
before passive thermal control becomes impossible. An astronaut in a 

man-sized enclosure with an effective radiating area of 56.6 ft^ and ac¬ 

tively moving near a space station under the worst orbit conditions may 
generate metabolic heat at a rate of 1000 Btu/hr before the average tem¬ 

perature on the outside of the enclosure exceeds 650F. However, an 
astronaut in a soft anthropoform enclosure with an effective radiating 

area of 23.4 ft^ is allowed to generate metabolic heat at a rate of only 

400 Btu/hr under the same circumstances. Thus, for soft anthropoform en¬ 

closures with presently achievable surface radiating properties, there is 

too little effective radiating area to maintain passive thermal control 

for the expected metabolic range of activity (500 to 1500 Btu/hr) when 

the astronaut is operating on the surface of a spacecraft. However, 

operation away from the surface is possible. 

3. Rigid space enclosures have a sufficient effective radiating area 

to maintain passive thermal control for the expected metabolic range of 

activity (300 to 800 Btu/hr) for all orbit situations. 

4. If the feasibility of applying passive thermal control to orbit¬ 

ing enclosures is not limited by the effective radiating area of the 

enclosure, several techniques are available for thermal control. The 
following techniques are feasible for both flexible and rigid enclosures: 

a. Control of heat flow through the enclosure insulation by in¬ 

jecting a high conductivity gas (such as helium) into the insulation 
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1!ye^f Í“10 malntainln8 ic there until low heat flux conditions are desirtH 

tne enclosure. This technique is particularly applicable to rieid en¬ 
closures; however, if effective means for districting heat oí outside 

soft sui?s'e S Can be deVeloped’ this technique could be effective for 

aCt he External enCJ°Sürea* Jouvers ca" be used to control the heat flow 
are canahla f1 “rfa“ °5 the enclosure. Louvers can be designed which 

shade P The louveí6^108^63*1 tC SPaCe exPosed to both sunlight and 

tu" izvtiz ^ ^ 

..ch“Eve:i."1”‘e"^t^;s%i:::rI;s.:nheerl::t^ cnéu:írjí 
coupling the aslroIlaut to the ch naterUl " not sensu™. 

-v.To“ ikln8 - 

Hilf C r • f bility of a soft space suit will be impaired. Presslon. the flexi- 

7. Wrinkles or folds in the outer surface of a soft space «=uit will 

s°pot: n:yCtoccUrTiie ÍCÍo^rCfCd^uCC^Cui niCbe^t^ the 

“dor“ir:a“":;sthe dperatt"8 --- - - 

i-har!‘nThe li?uid"cooled garment (LOG) is the most effective way to 

Ïuîr“y. n&bU rtr“‘Ut,“Uh hlS thermjl contre! systee, U^Uher s 

tiC The ïh^aî8«hî ^ ^ encountered in space explora- 
on í«at r-òí:r ot th* '“». ualls appears to be the 1,.1, 

ríoíÜ’ The thermal couPling of an astronaut with the cold walls of a 2 ,sr;-1—^:fs:all 
gas. ine gas fiow primarily serves to transfer heat from the 
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astronaut to the cooled wall and to remove Insensible perspiration and 
metabolic products. 

10. Removal of metabolic heat at the astronaut's skin by gas convec¬ 
tion is not effective. If there is no sweating, too much gas flow and 

power are required to remove reasonable amounts of metabolic heat. If 
the skin is wet from active sweating, a large amount of heat can be ex¬ 
tracted but at a cost of severe dehydration of the astronaut. 

11. It is not feasible to control the heat flow through the insula¬ 
tions on rigid or flexible space enclosures by transient injection of gas 

into the insulation layers because evacuation is too rapid. To be effec¬ 

tive, the gas mujt be either continuously injected (a wasteful procedure) 
or retained by not allowing it to escape until low heat flow through the 
insulation is again desired. 



SECTION V 

RECOMMENDATIONS 

In the design of thermal control systems 
we recommend the following: 

for astronauts working in orbit, 

A" u”bUlcal control syster should be used in situations 
ahere the astronaut will be required to work on the surface of hL^ace 

temperarur^^The' ‘h.îf í<>S;Ibl,' “ con ro h . 

naTs heLl ÎLd Í C°ntrcl 5yst™ “1U P““ ‘"c astro- thermal load to the space station thermal control system. 

a-. Thermal control systems for both flexible anri » 

sírsuñ to^srpo^rof'th^r;the zm 
are cool enough to effectively disslpa^ir^aboHVSesr^õnror“'’1"’ 

warmed liquid to heat exchangers integrated with the enclosure wall. 

ah . L°^ systems capable of operating in sunlight as well as in 

4. Materials should be developed for the exterior lav^r nr ft jki 
space garments which will laterally dissipate heat alonî ih f flexible 
face and vet will remain as sslpate heat alon8 the garment sur- 

wiii remain as flexible as present space garments. 
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APPENDIX I 

THERMAI. HEAT BALANCE FOR ORBITING ASTRONAUT ENCLOSURES IN 
THE PRESENCE OF A LARGE SPACECRAFT 

In this analysis, we are concerned with the azimuthal temperature distri¬ 
bution on the external surface of an ast 'onaut enclosure at selected 

locations in earth orbits when in the presence of a large spacecraft. 
Summarized herein are the major assumptions used in the analysis, the 

heat balance equation for an elemental area of the astronaut enclosure, 
a description of the calculation procedure for obtaining azimuthal tem¬ 

peratures and average surface temperatures, and the details of the machine 
computation program. 

The model used in this analysis is shown in Figure 40. 

A. ASSUMPTIONS 

The following assumptions were made: 

1. Each of the 12 elements of the enclosure is in equilibrium (i.e., 
heat input equals the heat out). 

2. There is no azimuthal heat flow from one element to the next and 
elements are independent of each other. 

3. The internal heat generated by the astronaut is uniformly distri¬ 
buted and is equal to 0,,,/12. 

4. The spacecraft can be represented as a cylinder with a 7.5-foot 
radius and a 16.7-foot length, maintained at a uniform skin temperature 
of 70°F. 

5. The flexible enclosure is a cylinder with a radius of 0.58 foot 
and a length of 6.4 feet. 

6. The rigid enclosure is a cylinder with a radius of 1.5 feet and 
a length of 6.0 feet. 

7. In all cases, the axis of the enclosure and the axis of the 

spacecraft are considered parallel; in all cases, the axis of the enclo¬ 

sure is considered to be perpendicular to the plane determined by the 
ea.'th-to-sun line and the earth-to-enclosure line. 

8. The effects of the circular ends of the cylinders are neglected. 

9. All reflection and radiation is assumed to be diffuse. 

2 
10. The solar constant is 442 Btu/ft -hr. 

11. The albedo of the earth for solar radiation is 0.4. 
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12. The absorptivity of the earth for solar radiation is 0.6.

13. The emissivity of the craft and the enclosure is e « 0.85.

14. The absorptivity of the enclosure is equal to:

a. “ 0.17 (for solar wavelengths) and

b. a ~ e • 0.85 (for long wavelengths—spacecraft and earth).

15. The effect of the space enclosure on the spacecraft is negligible.

B. ANALYSIS

The heat balance equation for the astronaut enclosure is based on the scheme 
shown in Figure 40.

Emitted

Radiation

^radiated

Absorbed Radiation 

*^input

A2 o T2 - 02S S A2p cos6

+ ajgaS

solar

earth albedo

(28)

“2L ® (^) ^2P ^S * earthshine

+ 02g (l-Oj^g) S — F2j^ A2 solar reflected from spacecraft

“2l"i°'^1 ’^21^

12 *^int

direct radiation from spacecraft 

interior heat generated

From this equation, the total emitted radiation and temperature for each 
segment can be calculated.

The flat plate view factors and Cg for earth re<"lectlon and earthshine 
were taken from Stevenson and Grafton (1961) while those for sector-to- 
craft were calculated by numerical integration. For some of the sectors, 
the sector's view of the earth is impeded in whole or in part by its view 
of the craft; in which case, corrections to the flat plate view factors 
were made on a geometric basis.
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From the sum of the net outward heat flow for each section, the average 

heat flow over the external area of the enclosure was calculated. The 

effective average temperature which the skin of the space enclosure must 
reach to radiate the total energy emitted was calculated. 

C. COMPUTATION PROGRAM 

The analysis was programmed for machine computation on the General Electric 
235 Datanet Computer System. The program listing is as follows: 

SLIST 

0000« C TANG CALCULATES TEMP OF 12 SECTORS E FIELD 
00010 DIMENSION RFP<]2,2>»SFP<12>,CCA<!2,3>#TC12,3),FRC9> 
00020 1,QQ<12>,QT(3>,TAV<3> 
00030 PI>3*14159 
00040 W13PI/180. 
00050 SIGMA«*1712 
00060 EPS1»EPS2*ALPH2L*.8S 
00070 ALPH1S*ALPH2S«*17 
00080 TS4«((459*6+70* >**01>4*4 
00090 RFP(1,1>*RFP(12,1)s0* 
00100 RFP(2,1)«RFP(11,1>«*0380 
00110 RFP<3,1)*RFPt10,1)■•1642 
00120 RFPC4,1)*RFP<9,1>«*3721 
00130 RFP(5,1)>RFP(8,1>«*6073 
00140 RFPC6,1>*RFP< 7,1)*•7831 
00150 RFP<1,2)«*0002 
00160 RFP(2,2)«*0059 
00170 RFP(3,2)« *0188 
00180 RFP(4,2>«*0310 
00190 RFP(5,2>«*0353 
00200 RFP(6,2>**0302 
00210 RFP(7,2)«*0172 
00220 RFP(8,2)■•00 50 
00230 RFP(9,2)« *0005 
00240 RFP(10,2)«RFP(|l,2)sRFP(12,2>«0. 
00250 SFP(1)«SFP(12>«0* 
00260 SFP(2)«SFP(11)«*0280 
00270 SFP(3>«SPP(10)«•1603 
00280 SFP(4>«SFP(9)»*3790 
00290 SFP(5)«SFP(8>«* 6254 
00300 SFP(6>«SFP(7)«*8157 
00310 100 PRINT 150 
00320 150 FORMAT(**ISI ZE, I CRAFT, I DAY "> 
00330 READ!ISIZE,ICRAFT,IDAY 
00340 ICRAFT«ICRAFT*1 
00350 IDAY«IDAY+! 
00360 S«442. 
00370 EAL« • 4*S 
00380 ESH«(1.-.4)/4.45 
00390 GO TO (65,66),I DAY 
00400 65 S«EAL«0. 
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00410 
00420 
00430 
0 0440 
00450 
00460 
00470 
00480 
00490 
00500 
00510 
00520 
0 0530 
00540 
00550 
00560 
00570 
0 0580 
00590 
00600 
00610 
0 0620 
00630 
00640 
00650 
00660 
00670 
00680 
00690 
00700 
00710 
00720 
00730 
00740 
00750 
00760 
00770 
00780 
00790 
00800 
00810 
00820 
00830 
00840 
00850 
00860 
00870 
00880 
00890 
0 0900 

66 00 210 !■ 1 # 12 
DO 210 Ja 1 « 4 

210 CCA(I«J>«0. 
80 TO C201#202)#ISIZE 

201 R2«.58 
XL2»6*4 
GO TO 203 

202 R2»1.5 
XL2*6. 

203 DO 130 J>6»9 
AH6»1.5*PI-<W|*30.*FLOATFCJ>-15.) 
E=SQRTF<<7.5*R2>**2+R2**2-2.*<7.5*R2>*R2*C0SF<ANG> > 
0ME»ASIN<7.5/E>-ASIN<R2/E*SINF<ANG>> 

130 FR(J)*NIN1F(I*#.5+<PI4»5~0ME)/2«/ASINC4000*/1•15/4300«)) 
GO TO (204*205)« ICRAFT 

205 GO TO (206*207)»1SIZE 
206 CCA(]* 1)«CCA(12*1>a1«944 

CCA(2*1)«CCA(11 * 1>*1.849 
CCA(3*1)«CCA(10*I )-.493 
CCA(4*1>aCCA(9*1>>*285 
CCA(5*1)*CCA(8*1)-.0246 
GO TO 204 

207 CCA(1*1)-CCA(12*1)=4.712 
CCA(2*1)-CCA(11*1>*3.801 
CCA(3*I>*CCA(|0*1)*1.393 
CCA(4*1>*CCA(9*1)-.289 

204 DO 9 1-1*12 
IF(1-9) 8*9*8 

8 CCA(I*2)sCCA(XM0DF(I+3*|2>*1> 
9 CONTINUE 

CCA(9* 2)>CCA(12*1> 
DO 31 1-1*12 
IF(I-6> 30*31*30 

30 CCACI*3)-CCA(XM0DF(I^6*12)*|) 
31 CONTINUE 

CCA(6*3)-CCA(12*|> 
QQ(1)-0. 
DO 28 L-2* 7 

28 QQ(L)-200.«FLOATF(L*1)«100. 
DO 29 L-8*10 

29 QQ(L)-500.+FLOATF(L-7>*S00. 
A2-PI*R2*XL2/6» 
AC-2.*S1NF(15.*W1)*R2*XL2 
AS-AC4S 
PRINT 4 
L-0 

2 L-L+l 
PRINT 32*QQ(L> 

32 FORMATdHl/"INTERNAL HEAT »"*F7.0*" BTU/HR'V) 
DO 25 I SUN-1*2 
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00910 
0 0920 
0 0930 
00940 
0 09 50 
00960 
00970 
00980 
00990 
0 1000 
0 1010 
0 1020 
0 1030 
0 1040 
0 1050 
0 1060 
0 1070 
0 1080 
0 1090 
0 1100 
0 1110 
0 1 120 
0 1130 
0 1 140 
0 1 I 50 
0 1 160 
0 1 1 70 
0 1 180 
0 1 190 
0 1200 
0 1210 
0 1220 
0 1230 
0 1240 
0 1250 
0 1260 
0 1270 
0 1280 
0 1290 
0 1300 
0 1310 
0 1320 
0 1330 
0 1340 
0 1350 
0 1360 
0 1370 
0 1380 
0 1390 
0 1400 

GO TO (213*214),ICRAFT 
213 PRINT 215,I SIZE,I SUN 

215 FORMAT("SIZE *M,I2,3X,"N0 CRAFT ISUN a", 
1 ^//"SECTOR TEMP, DEG F”//> 
ICI »3 

ISUN : 
I CAP=2 

GO TO 216 
214 PRINT 3,I SIZE,ISUN 

3 FORMAT<"SIZE a",12," 
1"SECTOR I CAP s 1 
ICI = 1 

216 DO 40 ICAPsICI * 3 
OT(ICAP)a0. 
DO 10 I * 1 « 1 g 
XI = I 
S»0QCL>/12. 
GO TO (121,123),ISUN 

121 GO TO (120,122,122),ICAP 
122 Q=Q*AS*MAX1F(0.,COSF<W1*C30.*XI 

GO TO 120 

• 12/2IX,"TEMP, 
ICAP=3"//) 

DEG F"/ 

■15. ))) »ALPH2S 

123 Q = Q+AS*MAX1F(0.,COSF< W1*<30.*XI-105*)))*ALPH2S 
120 0*Q+CCA<I,ICAP)*EPS1*SIGMA*TS4*ALPH2L 

GO TO (6,7,17), ICAP 
6 GO TO (12,11),1 SUN 
7 GO TO (14,20),ISUN 

14 1F(I-9 ) 13,13,20 
13 IF(I-3) 20,20,12 
17 GO TO (20,11),ISUN 
11 IF(I-6) 20,20,12 

20 QsQ+2./PI*S*CCA(I, I CAP ) * (1.-ALPHlS)4ALPH2S 
12 GO TO (112,52,22),ICAP 
52 IF(1-9) 113,113,42 

113 IF(1-5) 112,112,114 
114 QsQ+FR(I )*AC*ESH*SFP(I )•ALPH2L 

GO TO (116,115), ISUN 
116 0=Q*FR(I )*AC*EAL*RFP(I,ISUN)*ALPH2S 

GO TO 42 

112 9=Q+AC*ESH*SFP(I)*ALPH2L 
115 QsQ+AC*EAL*RFP(I,ISUN)*ALPH2S 

GO TO 42 

22 Q*Q+MAX1F(0>,(AC^SFPiI)-CCA(I»ICAP)))*ESH*ALPH2L 
0=Q+MAX1F(0.,CAC*RFP(I,ISUN)-CCA( I,ICAP)))*EAL*ALPH2S 

42 9T(I CAP )aQT(I CAP )+0 

T2*(8/(A2*EPS2*SIGMA))**.25 
T2»T2*|00.-459.6 

10 T(I ,ICAP)aT2 

TAV(ICAP) = <QT(ICAP)/(12 **A2*EPS2*SIGMA)) 
40 TAV(ICAP)=TAV(ICAP)*100.-459.6 

DO 24 1*1, 12 
24 PRINT !«I,(T(I,ICAP ),1 CAP*I Cl ,3) 

1 FORMAT(I4,3X,3F10.1) 

♦ *.25 
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. . A 

0 1410 
0 1420 
0 1430 
01440 
01450 
01460 
0 1470 
0 1480 
0 1490 
0 1500 
0 1510 
0 1520 

PRINT 41#(TAV( I CAP ) * ICAP=ICl » 3) 
41 FORMAT«/"RADI-"/"ATI VE"/"! AV/G »"»3FI0.1) 

PRINT 4 
4 FORMAT«!HI) 

GO TO «67#25>»IDAY 
25 CONTINUE 
67 IF«L-10) 2» 100« 100 

END 
FUNCTION ASIN«X) 
ASIN*ATANF<X/SQRTF<I.-X*X>) 
RETURN 
END 
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APPENDIX II 

« 

HEAT TRANSFER COEFFICIENT OF OXYGEN GAS TO SKIN 

A. OXYGEN PROPERTIES 

In this analysis, we estimate the heat transfer coefficient (h) which 
might be achieved in a flexible space enclosure. 

P » 3.7 psia 

T % 90°F 

Pr * 0.71 

C * 0.22 Btu/lb°F 
P 

M * 13 X 10 ^ lbm/sec-ft 

p - 0.021 lbra/ft3 

B. MODEL 

Annulus 

Cross-sectional width * 0.5 ft 

Length » 6.7 ft 

Diameter - 1 ft 

2 
Inside area (modeling skin area) « t»DL *itx1x6.7“21 ft 

Cross-sectional area - (0.5/12)(it x 1) » 0.13 ft2 

Effective diameter for Re calculation * 4 x cross section/L x 
heat transfer area - 1 in - 0.083 ft 

Re - pVD /u - 135V 
e 

Let V * 5 ft/sec, Re •= 675, flow is laminar. 

CFM = cross-sectional area x velocity = 0.13 x 5 x 60 * 39 

From the laminar flow correlations of Kays and London, for this case, 

h * 1.05 Btu/hr-ft2°F. Actually, the value of h does not increase, par¬ 

ticularly with V in this range (e.g., for V = 15 ft/sec, Re = 2000, h - 
1.12). 
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Ont- could increase h by decreasing the 
of Ü.5 Inch is rather small and closer 
coolant to channel. 

cross-sectional area, but 
tolerances would tend to 

a width 
cause the 



APPENDIX III
MAXIMUM EFFECTIVE ABSORPTAKCE OF AN INFINITE V-GROOVE

To determine the maximum effect on the absorptance or emittance in a fold, 
we examined the flux absorbed on a small differential area near the point 
of a V-groove. The absorbed flux consists of two components, the direct 
solar radiation, S (of long wavelength radiation), and the diffusively
reflected component of radiation from the opposite wall, U .

s

Consider the V-groove shown in Figure 41, with direct solar radiation, S. 
The absorbed radiation, U, is given by:

« • “s S ^ “s «s "dA-W (29)

where the view area of the element dA to the opposite wall is given by:

'^dA-W
s

(30)

The radiance of the opposite wall is given by:

Wg = (1 - Ug) S + (1 - Ug) ^ (1 + cose) (31)

Substituting equation 31 into 29 and rearranging yields:

U - ttg S 1 +
(1 - Og) 2 cose)

1-Q

1 - (1 + cose) .

(32)

By definition, the effective absorptance is given by o " therefore,
3S b

a « a 
as

1 +
j (1 - ag)(l + cose)

1 - ^ (1 - o^)(1 + cose)
(33)

This expression can also be written in terms of the long wavelength absorp­

tance which is also equal to the emittance, c:

e “ e
a

1 +
(1 - e)(l + cosd)

1 - (1 - e)(l + cose) (34)

<*



FIGURE 41. SPACE SUIT FOLD 
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The effective solar absorptance was calculated for a - 0.17; the effec¬ 

tive eraittance was calculated for c - 0.85; and the rato of uas/ta was 

calculated. The results are summarized below and on Figure 20. 

0 a /t 
as a 

0 1.0 
30 0.755 

60 0.450 
90 0.291 

120 0.214 

180 0.17 

1.0 1.0 
0.991 0.76 

0.958 0.47 

0.920 0.32 
0.882 0.24 

0.85 0.20 
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APPENDIX IV 

ANALYSIS OF LOUVER PERFORMANCE 

In this analysis we are concerned with (1) the heat which can be dissi¬ 

pated by a louver system, and (2) the temperatures of the baseplate and 

the louvers. Two analyses are presented: (1) for open louvers with the 
sun overhead or without sunlight, and (2) closed louvers with the sun 

overhead or without sunlight. The analysis takes into account the specular 
reflection of energy from one side of each louver vane and diffuse reflec¬ 
tion from the baseplate and from the opposite side of each louver vane. 

The model used in the analysis for open louvers is shown in Figure 42. 

A. ASSUMPTIONS 

The following assumptions were made: 

1. The baseplate and one side of the louvers are diffuse refle :tors. 

2. The other side of the louvers are specular reflectors. 

3. All surfaces are diffuse emitters. 

4. The reflectivity of all surfaces for all wavelengths is p -(1- 
a) . 

5. The area of one side of the louver is equal to the area of the 

base (i.e., ^ “ A2 “ A3 - M • 

B. ANALYSIS FOR OPEN LOUVERS 

1. Louver Heat Balance 

solar reflected 

from baseplate 
to surface (1) 

+ a2 (1 - a3) F32 S solar reflected 
from baseplate 

to surface (2) 

4 
direct from 

baseplate to 
surface (1) 

4 
direct from 
baseplate to 

surface (2) 
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« 

Sun 

Surface 1 is a specular reflector 

Surfaces 2 and 3 are diffuse reflectors 

All surfaces are diffuse emitters 

FIGURE 42. MODEL FOR OPEN LOUVERS 
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+ 
1 2 

direct from louver surface 

(2) to surface (1) 

+ 
e 2 el 

direct from louver surface 

(1) to surface (2) 

+ Sd - a3)d al) a2 F3(l)-2 
solar reflected from (3) 

and re-reflected from (1) 

onto (2) 

+ 
e 2 (1 - Cj) F3(l)-2 e 3 

baseplate radiation re¬ 

flected from (1) onto (2) 

+ 
e2 (1 - c1) F2(l)-2 12 

side (2) radiation re¬ 
flected from (1) back onto 

side (2) 

2. Baseplate Heat Balance 

4 

e3 oTb 
S a. 

+ F1_3 c1 oTl 

+ e 3 F2-3 E 2 0IL 

+ e3 F2(l)-3 (1 * Cl) L 2 aTL 

+ 

direct solar 

direct from (1) 

direct from (2) 

radiation from (2) re¬ 

flected in (1) onto (3) 

heat generated per unit 

of area in baseplate 

The view areas for both direct diffuse radiation and for specular re¬ 

flected radiation were calculated by the method of crossed strings for 

the geometry shown in Figure 42. (Infinitely long vanes were assumed.) 

The view areas are: 

3-1 

3-2 

2-1 

1-2 

0.3 

0.3 

0.38 

0.38 

F3(1)-2 

F2(l)-2 

F3(l)-3 

0.3 

0.085 

0.24 

0.085 

The equations were programmed for solution by machine computation and 

solved for a range of q^. 
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c. ANALYSIS FOR CLOSED LOUVERS 

When the louvers shown in Figure 42 are closed, the heat balance equations 

become : 

1. Louver Heat Balance 

<c2 + tl) 0Tl4 - S <.2 + El £3 0Tb4 

2. Baseplate Heat Balance 

e 1 e 1 4 4 
q,-^ 1 -- (oT.4 - oT4) 

b ei + e3 * el "3 b L 
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worda but will be followed by an indication of technical con¬ 
text. The aaaignment of linka. ralea, and weighta ia optional. 
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