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FOREWORD

The second phase of this investigation was conducted by Dr. Thomas F. Irvine, Jr., Dean of
Engineering, State University of New York, Long Island Center, and Kenneth R. Cramer, Aero-
nautical Research Laboratory, Office of Aerospace Research, Wright-Patterson Air Force Base,
Ohio, between Novenaber 1959 and April 1961. The first phase, conducted between May 1959 and
November 1959, was reported by Irvine and Cramer in WADD TN 60-145, Thermal Analysis of
Space Suits in Orbit, May 1960. The work was performed for the Aerospace Medica--f Research
Laboratories of the Aerospace Medical Division in support of Project No. 6301, "Aerospace
Systems Personnel Protection, " Task No. 630104, "Space Protective Garments. " Miss Elizabeth
Comfort of the Protection Branch, Life Support Systems Laboratory, was the project engineer for
the Aerospace Medical Research Laboratories.

The authors wish to express their appreciation to Captain Barnard Rodstein, Analysis Branch,
Digital Computation Division, Aeronautical Systems Division, for performing the numerical inte-
grations of the governing differential equation.
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ABSTRACT

A cylindrical model of a space suit exposed to solar and metabolic heating is examined to
determine the design criteria for minimizing equilibrium temperature differences. Resulting suit
shell thicknesses are compared with those of a previous analysis that utilized the material thermal
capacity and surface spectral properties to establish passive nonequilibrium temperature control.
Results demonstrate that light-,netal suits will develop small equilibrium temperature differences
and be very heavy. Fabric suits of similar design will be even heavier. A water-filled suit shell is
recommended as an attractive design approach if required circulation rates are practical. This is
the second phase of an investigation to delineate the design parameters for controlling thermal
environment in a space suit located in an orbit around the earth.

PUBLICATION REVIEW

This technical documentary report has been r•viewed and is appiroved.

WAYNEH. McCANDLESS
Chief, Life Support Systems Laboraiory
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LIST OF SYMBOLS

A Parameter defined on page 3

AT Total outside area of suit - ft-

B Parameter defined on page 3

C Parameter defined on page 3

C p Specific heat - Btu/lbm 0 F

D Outside diameter of suit - ft
Btu f t

k Thermal conductivity of suit material - Bt ftf-=•-F

L Overall suit length - ft

M Mass of suit - ibm

Q Heating rate - Btu/hr

q Heat flux - Btu/hr ft.

cis Solar heat flux, qs 9  420 h Btu
hi, ft-

j Nondimensional heat flux, Zf - ql L/krTa

tCA Nondinicosional ti ni constant - defined as time at whiuh the suit temperature drops to
90 pe'('Cent of its original valuC

,r Ten inpet atul 1 - "

Ta [?VCfer'eot('e te mperaturv, Ta 540" 1

AT Maxinou1 i temperalure difference - 1 1!

x Coordinate par0al(l to suit axis - ft

' Thermnol diffusivity - ft /hr

(Y.4 Total alsorl)ptivitv to incident solr radiation

C l'otal hen ispherical emissivity

7 Nondinivisiinal c'oordiiate iparallel to suit axis, ?I x/L

f) Nlloodioctlsioltal tcnlc)r'otUI* 0 "'1/T

p Suit nh,'hdria density - l)IIft

, Stetaifi-loltznmai Co smtint, :r 0. 173 x 10" B3tu/ft' hIr c 1?'

iv
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LIST OF SYMBOLS (Cont'd)

Thickness of suit material as determined by equation 7 - ft

. Thickness of suit material as determined by equation 5 - ft

in Metabolic heating

r Radiated heat

Value at x = L

LV
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ANALYSIS OF NONUNIFORM SUIT TEMPERATURES
FOR SPACE SUITS IN ORBIT

INTRODUCTION

The general problem of determining the design parameters of a space suit capable of provid-
ing a satisfactory thermal environment for a man located outside his vehicle in ain earth orbit was
conisidered in the first phase of this investigation. * The large number of influencing wactors and
comptcxities niecessitated the division of the general investigation into separate and more manlage-
able parts. As the first phase of the investigation, the surface temperature variation with time was
d(terminled as a function of the suit material and surface spectral properties for aI cylindrical suit
mlodel subiject to the most eXtrenie tint anld cold enivi I-il nlentts. heresults de monistrated that passive
temIperature' con1trol Was feasible for a suit having ain adiabatic inner surface and a unliformnly
dist ributed surface te mperaturte. Sinc e any choseni suit material will have aI finit ther mal
rclndnc tivil y and be, subjected to at nonunitfirnly distributed incident heat flux, temperature
diirffenmces will exiSt WhichI Will he intolek'atto if lag.Thorc fore, this seconld phase of the genleral
ilI)Ve(t gIi O'aiol W5I iilscondc ted I oI deter' ilimin the do Sign r eqa il FeMe nt for nmiliIi~i ai/in souit tem~per :t~ltr C
difft r' i c' s.n' '

ANALYSIS

hecylindrical suit moodel chosenl ill tNe first tlhase met-I~t 1We nindifiid, as8 shown inl figureIT 1,
to t il-ode a dfiulot sillt I hicklicss u1t1t finlite Ithernial colnductivity for providing 'im apptropriaite
mnlathiemialical mlodel for det er [Iinnlifi reipieselui dive suit temlperaiture variationis. Since the( nIdixinlitill

I ejsctur uiffCr'CICV is of primary cowncern, the Sluit iS aSsUntimc to 1W SulijeCted to solar he~at
f lux nnlly at onle enld While lie remiainlink :;trfaces are" radiatingf tn (oilIlyt~ space; 1. C. ,00 V (Hanlkine).
Ill add~itioni. the exeiialtiiitii ;Itsorto'd l)yV tie tohil ('lii area is aIssmedll~ to t)(v ((iiceultratiet
uiiiioiiiilyV a'ounld fthe c ircumferenIv lce of Htn Shell at its inlitial tiootetary, the nietibohic heatling is
nu1ifornl-yN dlist ritbuted il uly i long"' tIo ilnaici (lcylroi'~lhl sulrfalce, aint the quitl is inl Ihulenil ("quiliturioni
wit il itý I'llirt l i iciiieit -i. . iilidt'ti('ldelitt of ti tue.

li-van, F. , ,.i :1(1(1 K. I.Cramur. 'Itlicrnal Anal ' sis ut Spacc Sails In Orbit, Wright All'
1Vtr1etipncnI Dihvision Toctinical -Note thi- 14fi, Wright--Putter son Alir Forcf [Base, Oldo, May 1 960.
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RADIATED HEAT Qr

ftf ft 1
SOLAR HEAT METABOLIC HEATING Qn Q,FLUX qi i

dQrr

d v

o

Figure 1. Analytical Suit Model

With these assu mptiois and the suit geometry of figurc 1, the heat balance for an clemental
1lo'11h of the cylindrical shell is expressed hy:

dQ Qm4 = Q1. (1)

dx L L

Substituting tih dcefining eCXpresSiOls:

Q - -kfDr. dT

Q, = cyclD LTV

for Ih1v Various lheating rates, ant nondimcosionali/ing:

-4 AG•1 " = 0 (2)

"The bounidary ollnditimlii for thills olrdinlry Se(onld Ord(er difftr(Octial equationll (lcan Im(i(t'fllill('d bV
cvonsidering tle WIlt ia haltanc with the externail CHlVilOllhlll(Ilt at vao 1 I(ad:
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at ? 10: ,Q = 7k&Dr -d -4--%qs

or: - = -B (3)
-r, t7=0 4krTa

at 7 = 1: Q = -kfDr, Ta dT _
dO - L aL__

or: -D =I= 4kr• _@4 =-C@L (4)

Therefore, the solution of equation 2 subject to the boundary conditions, equations 3 and 4, will
provide the temperature distribution along the cylindrical portion of the suit for various suit
materials and thicknesses. The maximum temperature difference will then simply be the difference
between the temperatures at the two ends.

Since solution of equation 2 by analytical methods is unlikely, it is necessary to resort to a
numerical integration scheme to provide the required longitudinal temperature distribution. This
numerical work is greatly reduced by the use of the relations for the various parameters:

A 14T 3tcL 1qsrxsD

B ,LDasqc
4T uTakr

C - uT,' BC'sqs

anld c.o{lls| ants,•:

I 15.75 f'l
D 1.04 ft

01 , 0.12

= 0.89
Qm 800 T~t,,i'

AT 20.5 ft,'

that were se lehted ill ttie first phase. The ccunltliec if arbitrary parameters is then reduce.td to one,
th11 iliti;ll slnpc 13 which is a function ot thu mnaterial thickness and tNermal conductivity.

'T'tce requil'ed suit shell thickness and mass can then be determined with .quutio' 5 and 6
which wvtrv obtained from the (definitions of 13 and mah and [tte absumned cotnstants above:

0.1397 (5)kBl

M ::2.86 p
T3- lk (6)

:1
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In the first phase the suit temperature variation with time was determined from the balance of
the metabolic heating with the external environment as influenced by the heat retention capacity of
the material and surface spectral properties. The shell thickness (,r,) was determined as a function
of the heat retention parameter, surface radiation properties, and a time constant which was chosen
as 4 in an example problem to limit the minimum suit temperature to 620 F for a 300-mile orbit:

Ctc'1__(7)1. 132pcp

Therefore, with the various assumed constants, the ratio of the thicknesses or masses is a
function of the material thermal diffusivity and the initial slope B:

•' 1=22. 5aB (8)
r• M,

When this ratio is greater than one, the material thickness as required by the first phase must
be chosen to provide a proper thermal environment. Since this thickness is greater than that
required by the present analysis, smaller equilibrium maximum temperature differences will exist.
If the ratio is less than one, then the thickness computed with equation 5 must be chosen to
minimize the maximum temperature difference. This thickness is greater than that computed with
equation, 7 and thus provides a greater thermal capacity which will lengthen the time for the suit to
reach thermal equilibrium with its external environment. This ratio is useful only for the above
general-type comparison since it compares the results of the time-dependent analysis of the first
phase with the results of this non-time-dependent study. A more direct comparison could be made
between the results of two time-dependent or two non-time-dependent analyses.

RESULTS

Equation 2, as restricted by the boundary conditions and simplifying relations, was integrated
nu merically with the Runge-Kutta method on a digital conmputer for a range of initial slopes, B.
Agreement with precomputed slopes at •7_ 1 was obtained to seven significanlt figures.

Figures 2 through 6 present in graphical form the numerical results for the temperature
varialion, uaoxi mum temperature difference, mass, thickness, and thickness ratio. The strong
dependelce of the temperature distribution and maximum temperature difference on the initial
slope nl is shown in figures 2 anl 3. However, the choice of a small initial slope to reduce the
m11aximluml temperature difference also increases the shell thick-ess and mass as shown in figures
4 aid 5. The shell thickness is a function of p/k and figure 5 p)resents results only for aIlnklnu it
alli ('co)pd.er s5Iicc they have the lowest ratios. Fabrics have ralins approximately 100 times larger
and would result ii extremely thick and heavy suits,
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Figure 4. Suit mass

T (I.)
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Figurp 5. Suit Sholl Thicknepsf
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Figure 6. Thickness and Mass Ratio

The utility of the graplhs and application of the general results can best be demonstrated with
the following example suit problem.

Given: Maximum tolerable AT = 30' F

To be dttermiInd: Material type, thickness, ma::, and resulting maxiomum AT.

Sohltion:

1. With figure 3 and AT = 30' F:
B, = 0.043

2. With figure 4 and D,- = 0. 043:
M 95 ibm for aluminum

3. With figure 5 and B;, = 0. 043:
-j = 0. 33 in. for aluminum

4. With figure 6 and 13;, = 0. 043:

r. , 3.7 for alum inurn

5. Silce r , then the thickness T. andi mass M, must hw u:;ed. Therefore,

- 3.7 x 0.33 z 1.22 in.

and M! 3.7 x 95 352 Ibm

7
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6. With figure 4 and M, = 352 Ibm:

B, = 0.011 for aluminum

7. With figure 3 and B1 = 0. 011:

AT, = 5.80 F

Thus, a suit constructed with an aluminum shell 1. 22 inches thick would have a mass of 352
lbm and a 5. 80 F maximum equilibrium temperature difference. However, larger temperature
differences.could exist during the time required for the suit to reach thermal equilibrium with its
external environment.

Since the thermal diffusivity of most light metals is in the range of 3. 6 to 4. 4 ft`ý/hr, the
thickness ratio will be greater than one for B>0. 01. Therefore, most light-metal suit thicknesses
computed with the results of the first phase will develop small equilibrium temperature differences
and be very thick and heavy. With this general conclusion the 5/8-inch-thick, water-filled shell
proposed in the firsi phase becomec attractive since it would have a mass of 64 Ibm. The very
large equilibrium and nonequilibrium temperature difference that would exist, since

waI e 186 ft"th hrR could be reduced considerably by circulating the water.
k water ft" B~tu--

SUMMARY AND CONCLUSION

The previously chosen hypothetical cylindrical space suit model has been analyzed to
determine the niaximum equilibrium temperature difference that would exist due to finite material
thermal conductivity. The analytical suit model was subjected to a uniformly distributed metabolic
heat'ing and solar heating at one end. Numerical results were obtained for a range of thicknesses
and suit materials. A comparison was made between the required thickness of this analysis and
Ihat of the first phase of this investigation to determine which thickness should be employed in a
suit design. An example problem demonstrated that suits constructed from light metals will
develop small equilibrium temperature differences and be very heavy. Fabric suits would be even
heavier if temperature differences were minimized. The considerably lighter, water-filled suit
shlcl Ihat was proposed in the first phase will develop large equilibrium and nonedluiliblrinlI
el inperathlre differences. IHowever, if the water c irculation rates required to reduce these ielncpera-

ture differences aire practical, then the design approa(h is still very attractive.
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