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Spacecraft Heat Transfer Analysis

J. A. Plamondon
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INTRODUCTION

Two somewhat related but vet distinct topics are presented below, First,
some of our thoughts, at the Jet Propulsion Laboratorw,:on the position cof com-
puting as a tool for developing the thermal design of a spacecraft are riven,
The purpose in doing this is tc stimulate discvssion on the subject cf the com=
Futer by presenting one approach to how computing micht fit into thermal desirn.
Second, 'a new general t.re heat transfer proprar tiat was recantlv acouirec from
Arthur DU Little, !nc. is briefly described. The prosrai. is called, "ine .let-cd
of Zcnes for the Calculacicn of Temperature Distribntion.!

DISCUSSION 0= CO-PUTING

Over the past few years - actually frov tne eaxl d s ¢ %7e -1 ireril-
sicn Laborator;'s involvement in space prejects - those wic nave been rlose i
spacecraft therral cent.cl, directly or indirectl:, -ave be=n concerneu over t-e
rosition that the dirital cemputer sheuld -old in the cverall effcrt ¢ srace-
craft thermal design.

There is a reneral awareness of the imrortance cf the Jiiit:1 crmrt
and ¢ analysis, in peneral, in a thermal dezirn effort. At the samc ~ir -,
alsc very clear that analysis and, in rarticular, ccrrlicated ar-l sie .:r
the dicital eempuier is not rrecise, and - erefcre, cannot be relied nircp !
itself to estatlish the final t ermal design cf - srvacecraft. Sclutiens o tr ned
frem the dizital computer are simply not accurate encurh, or at mcst, ¢ r confi-
dence in their accuracy is not sufficient, for taem tc e the sclz bas®s of Tinal
desirn certification. Collaboration cf the experimental and the an:l tical is
essential) to establish ccnfidence in the suitatility and reliabilits ¢! a design.
Nevertheless, the computer, in spite of its snortcomings, does appezr tc tave
great potential, rerhaps more potential than anv other sin~le tool avo:labla to
the temperature centrecl engineer.
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The usual technioue for using ccmputers tc sclve complicated hcat transfer
problems is to lump into nodes, zones, and so forth, incremental vclumes to form a
network analog or model of the heat flow paths present jin the physical rrcblem,
The computer, of crurse, then analyzes this computational model. This is finej
but .in the prncess of transcriling a real problerm into a comrutational medel; the
imporvant ouestior arises of how w21l this process can be carried out for very
complicated problzrs, and censeouentlv, how much coniidence can be placed in
computed data?

The difficulties encountered in computational modeling can probablv be
considered as arising from twe sources; the modeling of the heat [lcw paths
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present in the hardware, and the assigning of numerical values to describe the
lumps and the interactions between lumps. ' For geometrically simple problems,
the lumping or formation cf e heat flow model is a relatively straightforward
process with most computer programs having analytical guide linees, However,
when the geometry of a problem is complicated, computational modeling becomes
difficu™v and simple analytical guide lines become almost meaningless, The
lumping process becomes partly intuitive and accurate representatior. becomes
heavily dependent upon enpinearing understanding, judgement, and experience.
This leads tn uncertainties and a ccrresponding lack of confidence in computed
results. In the area of assigning numerical values to describe the lumps and
their interacticns, the main problem is of a different nature and centers around
obtaining reliable thermu-physical data; for example, obtaining reliable joint
conductance information. !roblems in this area will certainly diminish as a
result of current and future thermo-physical research,

In addition to those problems acsociated with the modeling of hardware,
uncertainties are also introduced because of the ecuativns upon which we base our
calculations; for examrle, it is known that the physical idealizations which are
generally ascribed to t-e “ehatior of radiation interchange are very liberal.

This type of uncertainty will alsc diminish wizh future researct on the phvsical
behavior of heat transport. The last type of error which is enrcountered in com-
puted data results from numerical inaccuracies in computation; however, this type
of error can be controlled since it is mathematical in nature, involving numerical
analysis.

Faced with uncertainvies of the tyre just described, it is legitimate to
ouestion the possible nsages of the digital computer in thermal desirn and, of
course, the counsecusrniiial advantages ol its utilization.

In reviewing the development ssheduling of a spacecraft, it appears that
the use of the computer should be initiated as early as prssible. Certainlv, it
should be initiated no later than the completion of preliminary design when
migsion objecti‘es and general spacecraft confipurations are somewhat defined in
terms of probable size, shape, power, and so forth, The purpose would be to inves-
ligate, as early as possible, the fearibility of preliminary design concepts as
they relate to a particular spacecraft's confiruration and mission. The results
from such early anal-tical investigations do not have to be very accurate or very
detailed; all that wou.d be gscught is werification that preliminary desi:n ccncepts
do indeed produce desired trends. For example, suprose that prelimirary estimates
call for a particular i pe of temperature contrcl hardware such as louvers; it
certainly would be dzsirable to analytically verify, earlv in the development
schedule, that the louvers are really needed and, if so, that thev precduce the
desired degree of control., Furthermore, and perhaps just as important, it would
be very desirable to kncw early in design the criticality of such a device to
parametric, thermal variations so as to know what conditions lead to marginal and
unreliable operatior. darly analytical investigations in which complicated space-
craft thermal interactions are accounted for, offer the opportunity of uncovering
critical thermal rroblems so as to allow a maximum of time for their solution or
to permit alteratiors :n configuration and/or mission objectives with the least
amount of disturbance. It should “e pointed ocut that such early investigations
can only be carried cit analvtically since experimental hardware is not available,
and that only threoush the use of the computer can the necessary sophistication be
brought to bear; bty this is meant the multiplicity of thermal interactions.
Further development in the methodovlogical use of the digital computer must be
carried out in crder tnat such early investigations can be performed with reason-
able confidence.
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Upon confirmation of preliminary design concepts and corrections thereof,
the simpls computational models used can then be refined to conform nore and more
clcsely with actual spacecraft hardware in order to perform detailed thermal
investigations. However because of the uncertainties associated with computer
analysis, it is essential that refinements in computational modeling be carried
out in conjunction with experimentation. The inclusion of the experimental with
the analytical forms an iterative process or procedure. With somewhat refined
computational models, parametric studies can he undertaken to determine the
importance of various thermal elements making up the model. For exampl=, the
thermal influence of a particular joint thought to be important could be analyt-
ically studied tc determine its influence. If found to be important, an experi-
ment could be developed to determine fairly preciselv the magnitude cf the
cenductance across the joini. The experimental result wculd then be incorporated
into the computational medel. This sort of iteration procedure can be repeated,
using the computational model itself to determine its own shortcomings through
parametric study, until a fairly representative mcdel evcives in the sense that
the heat transfer within a piece of hardware is well understcod. Utilization cf
the computer in ibis ~2nner aide in directing and giving credence to certain test
programs; that is, it aids in determining just what aress are reall' impcrtant to
test, Verification of the computational model ¢f course recuires experimental
correlation cf its ahility to predict steadv-ctate and simrle transient cond’tions.
Cnez cerrelation has besn established, it would then be possible tc investipate
all thermal events cccurring during tre cc.rs2 of a missicrn, which is soriethinp
that is entirely imp.ractical to carry cvt experimentally. Ancother thing that is
impractical exverimentally, but easily done analytically, is failire rode studies
in which varicus pessible failur:s can e studied to delermine their effect,

The potertial advantages of better integrating the digital computer into
the design effort lie basically in obtaining ccncrete design information at an
earlier time in the cver-all development schedule, Without analvsis upon which
we can place a high degres of confidence, concrste design information must
n:cessarily wait fer hardware development, fabricatios, and delivery before
experimental informatior can be cbtained. Desirn changes at this pcint can only
be justified when cetastrophic failure or unsolvable situation is exrected. Thus,
the temperaturc ccntrcl engireer must live with his problem with 1little or neo
chance cf sidesteprping it through hardware redesign. What we are seeking in
temperature control is earlier decision capability in crder to better integrate
thermal considerations inte other aspec’s of hardware design. To do this, we must
be atle to obtain thermal infcrmation, accurately founded, at a pace consistent
with other design activities. There appears to oe no way, other than analysis.

Current plans sre to investigate possible ways in which t'e di;ital com=
puter can best be used within the framework of its current uncertainties. A
particular ccnfipuration will be analyzed in order tc defire the difficulties
encountered in using the comruter and to find ways around trese difficulties.,
In this investigation, testing will te used as a ccriplement to anal;sis in the
manner described previously. The object for analysis will be the Arthur D. Little
thermal scale mcdels. The ATL medels have been thoroughly tested and tre accuracy
of the results is alrost unouestionatle. Plans czll for using the comruter alcng
with complementary testing to predict the thermal condition of the models, For
this effort, none of the ADL model test results will be used as inputs for
analysis. The' will ke nsed onl: as a standard for comparison with analytically
obtained predicticns. 1In this way, it is planned that ways of sidesteppingr some
curvent uncertsinties in anal sis will be found. This will in turn lead tc ways
of better exploiting the pctential of the computer,
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METHOD OF ZONES

Next, a new heat transfer program which was recently acocvired fron
Arthur D. Little, Inc. and which is called, "The Method of Zcnes for the Calcu-
lation of Temperature Distribution," will be described. There are twc reports
on this program, so the description will be brief. The first report covers the
methodclogy of the approcach used in the program. The second part is a descrip-
tion of how tc use the program covering the input and output format and a
program listing.

The "Method of Zones" is an improved method for obtaining tolutions to
spacecraft associated heat transfer problems involving radiation and conduction.
The program is one of the few general type heat transfer programs specifically
designed for spacecraft heat transfer problems. The approach used in the program
is not that nf sirmly lumping parameters to form a nodal network analogous to an
electrical circuit as in most general heat transfer programs. Rather, the
approach consists of breaking a problem into zones of finite aree for two-
dimensional situations and into finite volumes for three-dimensional situations.
The approach retains the essential characteristics of boundary value techniques
in that each zone is characterized by prescribing conditions to the boundaries
of each zone. The boundary conditions can represent a known heat input or out-
put rate, or an unknown heat invut or outvut rate expressed in terms of an
unknown boundary temperature function such as « The generalized heat diffu-
sion equation is written for each zone and is integrated over the volume of the
zone. The integration is performed by introducing the volumetric mean tempera-
ture of the zone. The integration of the diffusion equation results in an
instantaneous heat balance equation which involves the heat fluxes over the
boundaries of the zone and the rate of change in the mean temperature of the
zone; that is, we have a differential equation expressed in terms of the time
rate of change in mean temperature and the heat fluxes over the boundaries. The
differential equation itself is no different than one would find in the tyvicel
lumped parameter program. The difference results from relating the input and
outnut fluxes in the differential equation to the boundary conditions of the zone.
This is done by derivine approximate formulas, based upon an rscumed paraboiic
temperature distribution in the zone, in which :he fluxes at the boundaries are
expressed in terms of the boundary's mean temperature und the zone's mean tempera-
ture. If the boundary corditions are ignored, the program degenerates into the
typical lumped parameter program. tach zone is, thus, mathematically character-
ized by a set of equations consisting of one differential equation for the mean
temperature of the zone and a number of boundary equations (algebraic) for the
temperature of the boundary. The equations are solved in a manner normal to
other general heat transfer programs in that the differential equation is solved
implicitly; however, the boundary equations are solved explicitly. The higher
order of approximation resulting from the parabolic assumption permiis a compli-
cated system to be subdivided inio fewer parts than i{s necessary when conventional
nethods are used.

In the =viort on the program, three simple examples are given to illustrate
the applicatior and neccuracy of the method. Criteria are also given which enable
zor.e sizes to be chosen properly in practical applications. The criteria are
Jderived by commarine calculationt maje by the method of zone with exact results
obtained for simole cusers,
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The numerical procedure, which is a modified Gauss-Seidel procedure,
for solving the difference equations at each time step is discussed, and
experience by ADL with convergence of the procedure is reviewed. The program
also includes checking procedures which are based on the principles of reci-
procity and conservation of energy. These provide an initial check on the
consistency of the input through the reciprocity principle, and a running
check on the solution of a problem through the conservation of energy principle.
Capability is built into the program and is controllabie by the user for stopping
the computer should the conservation nf energv check show that the numerical
solution is not being carried out to desired accuracy.

As far as the user 1s concerned, the input and output formats o1 *“he
program are as simplc as any the writer has seen. However, all information
supplied to the program must be supplied in duplicate in order that the reci-
procity principle can check for input consistency. One of the important
advantages in the program results from the way the equations are written.

Being written in terms of flux instead of tempersture, permits the utilization
of Oppenheim's network method for diffuse inter-reflections or Bobco's corollary
for specular inter-reflections involving plana:r surfaces.





