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IN_ODUCTI ON

Two somewhat related but [_,etdistinct topics are presented below. First,
some of our tho._F.hts, at the Jet Propulsion Laboratory, Lon the position of com-
puting as a tool for developing the thermal design of a sracecraft are riven_i
The purpose in doing this is to stimulate discrssion on the subject cf !he com-
puter by presentinF one approach to how computing mi_-ht fit into thermal desi:n.
Second, !a new general t'.'reheat transfer progrmr, that was recentl- acc<!rec from
Arthur D. Little, :no. is briefly described. The pro_rm., is called, "_he .._t<cd
of Zones for the CalculaGicn cf Temperature Distrlb_tio::."

DISCUSSION _jf' COkPUTING

Over the past few years - actually from tr_.eearl d j;s c _"<-,_J-" ]rcr'_l-
sion Laborator:,'s involvement _n space F.rojects - those _.:hc.Aave been _']_.s_t,(

spacecraft thermal cent: cl, directly, or indirectl,,. _avo_b_n.._concerne_ over _,".e
nosition that the diF'ital computer should old in the overall ,_'crt r s_ac_.-
craft thermal design.

Thele is a _.eneral awareness of the Lm,ortance cf the dJ;it:l cr',r"tc"

and cf an:_lysis, in gene:'al, in a the._al desi._n effort. At the same _, i s, _ . , ' ..

also very clear that analysis and, in narticula), cc.<_l_c_teJ a_'-Is_s _:_._ v n:
the di_zLal ccmr,u-__eris not _recise, m_d _.erefcre, cannot be r_lieJ _r_
itself to establish the final t ermal desi_.n cf ".s_'acecraft. 5cl,:tie,nsc}t: :ned

from the di_it.al ccmeuter are simply net accurate enc_:_h, or at .m._:-_,c _.conrL-
dence in their accuracy is not sufficient, for tqem to be tY:e sc]e basis of final
desi;-n cert____c-_t_on. Collaboration cf the exper._mental and t'_.eanal Lic_l is

es,_entia! to establish, confidence _n the suitability and r_li_bilit:_ cF a design.
Nevertheless, the computer, in spite of its shortcomings, does appear tc have
F.reatpotential, perhaps more potential than ant other sinFle _ool ave:labia, t_
the temperature control en,:ineer.

_he usual techniene for using computers tc solve complicated heat transfer

problems is to lump into n_de% zones, and so forth, incremental volumes to form a

network ana] og or model of the heat flow paths present in the physical croblem.
The computer, of crurse, then analyzes this computational model. This is fine;
but in the process of transcri'.in_ a real p_bler, into a computational model, the
important ouestior arises of how well this process can be carried out for very
complicated proDlem_, and conseeuen'clv, hew .much confidence can be placed in
computed data?

/

_,ThedifficultLes encountered in computational modeling can probably be
conside_d as arisinF from two sourc,_s; the modelin_ of the heat _Ic.wpaths
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present in the hardware, and the assigning of numerical values to describe the
lumps and the interactions between lumps. For geometricall_ simple problems,

the lumping or formation of _ heat flow model is a relatively straightforward
process with most computer programs having analytical guide line_. However,
when the geometry of a problem is complicated, computational modeling becomes
difflcu?_ and simple analytical guide lines become almost meaningless. The
lumping process becomes ?artly int_,itive and accurate representation becomes
heavily dependent upon en_nee_,ing understanding, Judgement, and experience.
This leads to uncertainties and a corresponding lack of confidence in computed
results. In the area of assigning numerical values to describe the lumps and
their interacticns, the _Jn problem is of a different nature and centers around
obtaining reliable thermo-physical data; for example, obtainin_ reliable Joint
conductance information, troblems in this area will certainly diminish as a

result of current and future th_rmo-physical research.

In addition to those oroblems acsociated with the modeling of hardware,
uncertainties are also introduced because of the eouations upon which we base our

calculations; for ex_1_le, it _s Known that the physical idealizations which are
_enerally ascribed to t_e behavior of radiation interchange are very liberal.
This type of tmcertainty will also diminish with future research on the physical
behavior of ,.heattransport. '_e )ast type of error which is encountered in com-
puted data results from numerical inaccuracies in computation; however, this type
of error can be controlled since it is _athematical in nature9 involving numerical
analy sis.

Face@ with uncertainties cf the type just described, it is legitimate t,o
ouestion the possible _sages of the digital computer in thermal desiFn and, of
course, the conseruenLial advantaFes of its utilization.

In reviewinff the development scheduling cf a @acecraft, it appears that
the use of the cc_nruter should be initiated as early as pcssible. Certainly, it
should be initiated no later than the completion of preliminary desi?n when
mission obJecti,es and _eneral spacecraft confif-urations are somewhat defined in
terms of probaOle size, shape, power, and so forth. The purpose would be to inves-
tigate, as earl_, as possible, the feasibility of preliminary desiyn concepts as
they relate to a particular spacecraft's confiTuration and mission. The results
from such early analytical investigations do not have to be very accurate or very
detailed; all +hat wou_d oe sought is -:erificat_on that prel_minary design concepts

do indeed produce desined trends. For example, suppose that preliminar_ estimates
call for a Oarticular t pe of temperature control hardware such as louvers; it
certainly would be desirable to analytically verify, earl:,,in the de%,glopment

schedule, that the louvers are really needed and, if so, that thel_ produce the
desired degree of control. Furthermore, and perhaps Just as important, it would
be verb'desirable to know early in desiyn the criticality of such a device to
parametric, thermal variations so as to know wb.at conditions lead to marginal and
unreliable operatio_. Earl_ analytical investigations in which complicated space-
craft thermal interactions are accounted for, offer the opportunity of uncovering
critical thermal problems so as to allow a maximum of time for their solution or
to permit alterations _n c(,nfiguration and/or mission objectives with the least

amount of disturbance. It should be pointed out that such early investigations
can only be car led c;t analvticall:, since experimental hardware is not available,
and that only threu:-h the use of the computer can the necessary sophistication be
brought to bear; by th_s is meant the multiplicity of thermal interactions.
Further develop_ent in the methodological use of the digital computer must be
carried out in order tqat such early investigations can be performed with reason-
able confidence.
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Upon confirmation of preliminary design concepts and corrections thereof,
the simple computational models used can then be refined to conform more and more
closely with actual spacecraft hardware in order to perform detailed thermal

investigations. However he.cause of the uncertainties associated with computer
analysis, it is essential that refinements in computational modelinF be carried
out in conjunction with experimentation. The inclusion of the experimental with
the analytical forms an iterative process or pz'ocedure. With somewhat refined
computational models, parametric studies can be undertaken to determ3ne the
importance of various thermal elements making up the model. For example, the
thermal influence of a particular joint thought to be important could be analyt-
ically studied tc deten_tne its influence. If found to be important, an experi-
ment could be developed to determine fairly precisely the magnitude of the

conductance across the Joint. fhe experimental result w_uld then be incorporated
into the computational model. This sort of iteration procedure can be repeated,
using the computational model itself to deten_ine its own shortcomings through
parametric study, until a fairly representative model evolves Ln the sense that
the heat transfer within a piece of hardware is well understood. Utilization of
the c_p_ter Jn this _anner aids in directing and _ivin,c-credence to certain test
programs; thaL is, it aids in determining just what are;s are reall _ important to
test. Verification of the computational mode] cf co_;rse recuires experimental
correlation cf its ability to predict stead-,-ctate and simcle transient condft_ons.

Once correlation _'asbeen established, it would then be possible tc investigate
all thermal events occurring d_Jring the cc_.rse of a v.is_icr, which is so_ethinF
that is entirel_z £mp.'actical to cart:, cvt experis,ental!y. Another thinF that is

impractical experLmentally, but easily _one anal_ tically, is fail_re r.ode studies
in which various possible fail_3rss can be steadied to determine t_ir effect.

lhe potential advantages of better integrating the digital computer into
the desi£:neffort lie basically in obtaining concrete design information at an
earlier time in the over-all development sched_J1e. Without analysis upon which

we can place a high degree of confidence, concrete design information must
nscessarily wait for hardware develop_nent, fabricatio_, and delivery before
experimental information can be obtained. DesiFn changes at this point can only
be Justified when cetastl-ophic failure or unsolvable situation is excected. Thus,
the temperature ccntrrl engineer must live with his problem with little or no
chance of sidestepping it throu_<h hardware redesign. What we are seekin._ in
temperature control is earlier decision capability in erder to better intestate
thermal considerations into other aspect,o of hardware design. To do this, we must
be able to obtain ihenual information, accurately founded, at a pace consistent
with other design activities. There appears to oe no way, other than analysis.

Current plans s_ to investi_'ate oossible ways in which +_e di: Jtal com-
puter can best be used within the framework of its current uncertainties. A
particular confiFuration will be analyzed in order to define the d_ff_culties
encountered in _sin_- the com_uter and to find ways around these difficulties.
In this investigation, testing will be used as a cor,ple_ent to anal_,sis in the
manner described previousl_. The object for analysis will be the Arthur D. Little
thermal scale models. The ADL models have been thoroughly tested and t_e accuracy
of the results is al_no_t uncuestionable. Plans call for usin_ the com_uter along

with complementary testing to pre.dict the thermal condition of the models. For
this effort, none of the ADL model test results will be used as intuits for
anal:_sis. The' w_l] he ,;sed onl: as a standard for comparison with analytically
obtained predictions, in this way, it is planned that w_Vs of sidestepping some
current uncertain: ies in anal sis will be found. This will in turn lead tc w_s
of better exploiting the nctential of the computer.
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METHOD OF ZONES
i

Next, a new heat transfer program which was recently accuired fror,
Arthur D. Little, Inc. and which is called, "The Method of Zones 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
methodclogv of the approach 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.

Toe "Method of Zones" is an improved method for obtaining Eolutions 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 of simnly lumping parameters to form a nodal network analogous to an
eSectrical circuit as in most general heat transfer programs. Rather, the
approach consists of breaking a problem into zones of finite area 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 input or out out rate. expressed in terms of an

unknown boundary temperature function such as T_. 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 Jn 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 tyuical
lumped parameter program. The difference results from relating the input and
outnut fluxes in the diff_rential equation to the boundary conditions oi' the zone.
This is done by derivin_ approximate formulas, based upon an _ssumed parabolic
temperature distribution in the zone, in which "_he fluxes at ghe boundarles are

expressed in terms of the boundary's mean temperature and the zone's mean tempera-
ture. If the boundary conditions are ignored, the program degenerates into the
typical lumped narameter program. Each zone is, thus, mathe_mtically character-
ized by a set of equations consisting of one differential equation for the mean
temperature of the zone sod 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 permits a compli-
cated system to be subdivided into fever parts than is necessary when conventional
methods are used.

In t.h,_.-,.,,_v• nn the program, three simple examples are given to illustrate
the applicatlor: and ,-ccuracy of th_ method. Criteria are also given which enable
zoz,e sizes to be ehf_sen properly in practical applications. The criteria are
derived by com_arln_ -atculatlon,. made by the method of zone with exact results
obtained for s_mole c_sns.
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_e numerical procedure, vhich is a modified Geuss-Seidel procedure,

for solving the difference equations at each time step is discussed, and
experience by ADL vith convergence of the procedure is reviewed. The program

also includes checking procedures which are based on the prJnclples of reci-
procity and conservation of energy. These provide an initial check on the
consistency of the input through the recipro=ity principle, and a rum_ing
cheek on the solution of a problem through the conservation of energy principle.

Capability is built into the program and is controllable by the user for stopping
the computer should the conservation of energy check show that the numerical
solution is not being carried out to desired accuracy.

As far as the user is concerned, the input and output formats o;' the
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 c_n 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 temperature, permits the utilization
of Oppenheim's network method for diffuse inter-reflections or Bobco's corollary

for specular inter-reflections involving planar surfaces.

J
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