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Startup Modeling of the Receiver of NASA’s
2-Kilowatt Solar Dynamic Power System

Guido W. Lopez*
Daniel Webster College, Nashua, New Hampshire 03063

A simplified approach to predict the thermal startup transient of the receiver of NASA’s experimental 2-kW
solar dynamic (SD) system, designed for the generation of power in space, is presented in this paper. This system
is being tested at the NASA Lewis Research Center (NASA-LeRC) under low-Earth-orbit simulated conditions as
part of the SD ground test demonstration program, which aims to address technology issues, develop experience,
and validate theoretical models for future use of solar dynamic technology in space. One important technical issue
being studied is the theoretical modeling of the transient-mode performance of SD systems, which has direct impact
on off-design operation and control in an Earth-orbital environment. Preliminary correlation between experiment
and existing theoretical predictions has suggested the need for improving existing models, such as the closed cycle
engine program (CCEP), an in-house NASA computer code. Computational predictions based on the theoretical
model presented in this paper show significant improvement in regard to startup receiver performance. To validate
this model, comparisons between the experimental results obtained from the tests performed at the NASA-LeRC,
and the computational predictions, are presented and discussed. The predictions of the simplified model show a
close match with experimental results for values of solar energy near those reported in the experimental tests.
Some predictions from the CCEP and pertinent discussion are also presented.

Introduction

OLAR dynamic (SD) systems for power generation in space

applications have been shown to have significant life-cost and
launch mass benefits over conventional photovoltaicsystems.' The-
oretical and experimental research is underway to address technol-
ogy issues and develop experience for future applications of SD
power in space>~*!* The 2-kW solar dynamic ground test demon-
stration (SD GTD), at NASA Lewis Research Center, (NASA-
LeRC, now called John H. Glenn Research Center at Lewis Field),
is a program whose main goal is to demonstrate system performance
and collect data to support the use of SD technology for near- and
long-term space application’~’

Because SD power generation may represent a dramatic cut in
the cost of large-scale power productionin space (10 kW or more),
several other efforts to further develop this technology are currently
underway in the United States and Russia. Power productionis an
important part of space missions, and lower production costs rep-
resent substantial savings in the overall cost of a space mission.
Ultimately, cost effectiveness of space systems facilitates the pur-
suance of new space programs.!’

In addition to ongoing ground experimental work in tank-6 (see
Fig. 1), at NASA-LeRC, and several analytical efforts to model
the system, the United States and Russia have discussed plans to
embark in a joint project of flight demonstration of SD power gen-
eration in space® This is an initiative from the International Space
Station Program Office, and its goal is to demonstrate the capabil-
ity of SD systems during orbital space flight. The analytical and
experimental results of these projects carry considerable potential
for applicationin the power production system of the International
Space Station Alpha, and in future solar-power generation for com-
munication satellites.

One important technical issue of SD systems modeling is the
transient mode performance that has a direct impact on off-design
operation and control of the system for applications in an Earth
orbital environment. Several codes have been used to model and
simulate orbital startup and shutdown transients’~'" Preliminary
correlation between experimental and analytical results from these
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codes suggests the need to improve the analytical models to better
reflect the experimental results. The experimental results that are
being obtained from tests on the SD GTD at NASA-LeRC are an
invaluable reference to better understand the parameters involved,
and characteristics of the transient system performance’'>!* The
SD GTD program of tests is well under way, and the results from
the experiments performed in tank-6 at NASA-LeRC for simulated
orbital conditions are the fundamental bases for model validation.

A simplified approach to model the startup transient of the re-
ceiver of the SD system is presented in this paper. The results of the
analytic model are compared with experimental data obtained from
the tests performed at NASA-LeRC. Validation of the model and
future recommendations are discussed.

General Characteristics of the SD System’s Receiver

The receiverof the SD system (see Fig. 2) consistsof a cylindrical
metal cavity inside which there is a number of tubes evenly and
circumferentially distributed, at a short distance with respect to the
inside face of the cavity. There are cylindricalcanistersstackedalong
the length of the tubes. These canisters contain a mixture of Li F
and CaF,, the phase change material (PCM), which stores the energy
required to operate the system during eclipse periods. The tubes are
connected to input and output manifolds enclosed in subcavities in
front and in back of the receiver. There is a conical aperture attached
to the cylindricalcavity. The circular opening of the cone has a small
offset with respect to the axis of the cylindrical cavity. The receiver
is insulated at the sides, back, and front. In addition, the front of the
receiveris shielded to prevent the melting of the wall metal.

General Description of the Receiver Startup Operation

Solar energy is reflected and focused by a concentrator onto the
aperture of the receiver. The focal point of the concentratoris just
inside the aperture of the receiver. The energy eventually strikes the
canisters and the inside walls of the cavity. A complicated pattern
of energy reflections in the cavity occurs. Part of the energy will
be reflected back to the aperture and then lost. Another part of the
energy will be lost by conduction, through the walls and insulation
of the cavity, and the remaining energy will be conducted and con-
vected to the PCM and to the working fluid (a xenon-helium gas
mixture) in the tubes. Under suitable steady operating conditions,
the working fluid carries the energy to the turbine-generatorsystem
for transformation.
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Fig. 2 Schematic longitudinal cut of the SD Brayton system receiver.

Under startup conditions, the operation of the receiver is as fol-
lows: initially, all of the elements of the receiver and the work-
ing fluid are at a uniform temperature 7. The working is initially
trapped in the tubes and manifolds. The gas is not allowed to circu-
late until after predetermined pressure and temperature conditions
are reached, as a result of the transient heating in the cavity. The
PCM is initially in the solid phase.

There is a sudden input of solar energy through the aperture of
the cavity, and the temperatures of the elements of the receiver rise
as a function of time. The energy reaching the canisters penetrates
their wall by conduction reaching the solid PCM, and eventually,
the trapped working fluid. Sensible heating of the PCM exists until
its temperature reaches the melting point. The melting process is
not expected to be uniform as a result of the irregular distributionof
substancein the canisters, and as a result of the presence of voids in
the solid phase, which are intended to compensate for the increase
in volume during the change to the liquid phase. Furthermore, the
incident energy on the canisters is not uniform, as a result of the
complicatedpatternof energy reflectionsin the interior of the cavity.

There is also transfer of energy into and out of the subcavities
containing the manifolds. Some energy is conducted and convected
by the fluid in the canister region, and some energy is radiated and
reflected from the walls of these subcavities. There is also heat loss
throughthe external insulated walls of these subcavities. The overall
effect, however, is the heating of the working fluid in the manifolds.
The motion of the fluid is controlled by valves that are opened
when the wall temperature of a predetermined canister reaches a
predetermined temperature, whose value is slightly higher than the
melting point of the PCM. Ideally, all of the PCM in all canisters
will be melted at this moment.

System Simplification for Development of an
Analytical Transient Model of the Receiver

Fundamental thermal analysis is developed by subdividing the
receiverinto simplified subelements. The following subelements are
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Fig. 3 Exploded view of the subcavities of the SD Brayton system
receiver.
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Fig. 4 Energy parameters of surface A; of a cavity.

identified: 1) front manifold subcavity, 2) cylinder-cone subcavity
(side and back walls and cone of cavity), and 3) back manifold
subcavity.

An exploded view of these subelementsof the system is presented
in Fig. 3. The cylinder-cone subcavity is exclusively designed to
capture solar energy for transmission and storage. Therefore, the
radiative analysis of this subcavity is of particular interest for the
development of the receiver analytical model.

Thermal Radiation Analysis of the Cylinder-Cone
Subcavity: Fundamental Theory

The purpose of the cylinder-cone subcavity of the receiver is
to efficiently trap and store the solar radiation incident in it. The
following radiation heat transfer analysis is the first step toward the
development of the analytic model of the receiver.

Consider the surface A; of a cavity, as represented in Fig. 4a. In
this figure, E;, &;, o;, and p; represent the incident hemispherical
emissive power, emittance, absorptance, and reflectance associated
with the surface, respectively. The net amount of energy that could
eventually be transferred by conductioninto the walls of the system
is

(Q/A) = q; = 4 E; — g0T} (1)
The radiosity R; of the surface A; (see Fig. 4b) is

R; = 5i07;4 +piE; ©))]
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Note that incident energy on a surface A; in a cavity is the sum
of all radiosities of the cavity’s surfaces, including itself (it will be
zero if the surface is perfectly flat). Therefore

M M
AE =) RAF, =) RAF_, 3)

j=1 j=1

wherei=1,2,3,...,M; j=1,2,3,..., M; and M =number of
surfaces of cavity.

The terms F; _; and F; _ ; of this equation represent the fraction
of the radiosity from surface j that reaches surface i and vice versa,
respectively.

The terms F;_; and F; _; are commonly referred to as the con-
figuration factors and are entirely dependent on the geometry and
orientation of the surfaces. Then, from Eqgs. (1-3)

M
qi=2 R;F,_;— R 4)
j=1

taking the term i = j out of the summation expression, and simpli-
fying, we have

M
g = Ri(F,_i =)+ RiFi_; 5)
j=1
This equation can be used to evaluate radiosities of the surfaces in
cavities where the ¢; are known. The sum term is applicable for
iF#].
On the other hand, if the temperature of the surfaces of the cavity

are known, the following expression can be derived by combining
Eqgs. (2) and (3):

M
g =101 —&)F,_; = 1R +(1=8) 2 R;F;_;=—50T} (6)
j=1
where the summation term is applicable for all i and j, such that
i#]j.

Analysis of Cavity with an Aperture
and External Radiative Energy

Consider the cavity shown in Fig. 5a. The energy Ep is continu-
ously flowing into the cavity through aperture A,. This energy will
eventually reach the surfaces of the cavity, and undergo absorption

Ep Qreturning

oY AT

CAVITY

a) Z

A1EpF1-i

b}

Fig. 5 Radiation exchange in a cavity with aperture A1 and external
incident energy Ep.

and reflection. The amount of energy that returns to the aperture as
aresult of the emission and reflection in the surfaces of the cavity is

M
Qretuming = Z Rin E -1 (7)

i=2

Therefore, the net amount of energy transferred to the cavity is

M M
Quu=E,A =) RF_Ai=A|E,-> RF_/| ®

i=2 i=2

Assuming that the external energy Ep, entering the aperture, is
uniformly diffused in all directions, the incident energy on a sur-
face A; of the cavity is the sum of the energies coming from the
other surfaces of the cavity and the fraction of Ep coming from the
aperture A| (see Fig. 5b). Thus

M
AE;=E,A\F,_.+ ) RAF;_,

j=2

M
= EFii+ X RiF

j=2

i=23,4,....M (9

Therefore, the radiosity of the surface A; can be written as follows:

M
AR =pA|E,F_ +) RF_; |+ AszoT!
j=2

i=273,4,....M (10

This expression can also be written as follows:

1 M
Fioy————|Ri+ 2 RFi_,
[ (1—5i)i| Z ! !

j=2

—|EF_ +—soT?
I T R

i=2,34,....,M (11)

where the sum term is valid for i # j, and the radiosity fraction of
elementi,incidentontoitself,now appearsin the first bracketinstead
of the sum term. This equation can be used to find the radiosities
of all surfaces in the cavity, provided that the temperatures and
magnitude of the externalincidentenergy Ep are known, in addition
to the geometry of the cavity. The evaluation of the F;_; is done
based on view factor algebra as explained in the next section.

Evaluation of View Factors for the Receiver
Cylinder-Cone Subcavity

The cylinder-cone subcavity is modeled by considering the fol-
lowing surfaces (see Fig. 6): surface 1 = aperture; surface 2 = cone
side; surface 3 = back circular surface; and surfaces 4, 5, 6, ...,
M = side cylindrical surfaces.

The side surfaces, 4, 5, 6, ..., M, are subdivisions of the cylin-
drical side of the cavity. The number of these subdivisionsdepends
on the accuracyrequired. These surfacesare of equal area. Fictitious
circular surfaces ay, a;, a,, as, . .., ay, are used for the analysisand
evaluationof view factors. These areas are concentricand parallel to
each other. Figure 6 shows details of the geometry used for the anal-
ysis. Through view factors algebra,'® the evaluation of view factors
among the surfaces of the receiver can be simplified to expressions
that ultimately involve only the calculation of the view factor be-
tween two flat-concentric parallel disks, as shown in Fig. 7. This

expressionis
Fu,hzé[X—\/Xz—él(Rz/Rl)ziI (12)
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Fig. 7 Geometry of two concentric-parallel disks for view factor eval-
uation.

where

R, =1,/ h, Ry =r,/ h, X=1+[(1+R3)/R}]
When using these equations, the radii r, and r,,, and the height &,
arerelated to the geometry of the cavity determinedby the configura-
tion of pairs of surfaces. Mathematical expressions for view factors
betweentwo surfaces are developedusing techniquesof view factors
algebra. The following sections present an expanded development

of view factor calculation for the surfaces of the cavity.

View Factors Relative to Surface 1

The view factor F| _, is zero because the aperture is modeled as
a flat disk.
F, _, is calculated from the equation

F1—2:1_F1—110 (13)

F; _; can be calculated directly from Eq. (12), where r, is the

radius of aperture r,,, 1, is the radius of cavity cylinderr.y, and / is
the Lc¢ + Ls (height of cone plus height of cylinder).
The view factors F; _ ; for j > 4 are calculated from
Fl—j:Fl—u(/,A)_Fl—u(/,D (14‘)

In general, the F; _, are disk-to-disk view factors that can be
evaluated from Eq. (12), where & is Lc + kA z (see Fig. 6), where
k=0,1,2,....

View Factors Relative to Surface 2
F, _, is calculated from

By = (A A)F 15)
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F, _, is evaluated from
Fr 5 =[1— (A A)] + (A A)Q2F _wo— 1) (16)

where

2

Ag = Treys

2
A= Try,

Ay = (ryy + rey)y/ L2+ (rey — ryp)?
For view factor F, _; we have
Fy 3 =(A/ A))Fyo-3 — (A/ A F) 5 (17)
The expression for calculating F, _ 4 is
Fy 4= (Ag/ A)(1 = Fyo—a1) = (A1) A)(F1_ o — Fi 1) (18)
The following general expression can be used for view factors
F,_;, where j > 5:

FZ*]’ = (Ao/ Az)[El - F“lO*”(/*—?)]

0—ag—4

—(AVAD[Fi—ay = Fioay s ] (19)

All view factors on the right-hand side (RHS) of the last two equa-
tions can be evaluated from the disk-to-disk view factor [Eq. (12)].
The calculation of the F;_,; was explained in the previous sec-
tion. The calculation of the view factors F,o_ ., where k=1, 2,
3,..., M, is explained in the section relative to surface i, when
i>4.

View Factors Relative to Surface 3
Based on previously calculated view factors, we have

F; 1 = (A A)F 3 (20)
F; 5 = (A A3 F, 5 @2n
F,_3;=0 22)

For j > 4, a general expression can be developed for the view
factors F;_ ;, such that

By j=F_o; 5 —Fiu; (23)

The view factors on the RHS of this equation can be readily cal-
culated from the disk-to-disk expression [Eq. (12)]. The following
applies when calculating the F5_,, using Eq. (12):r, =1, = r,
and h = Ls — kA z (see Fig. 6).

cy»

View Factors Relative to Surface i, Where i > 4

General expressions for view factors F; _ ;, wherei > 4 and j =
1,2,3,..., M, can be readily developed making use of view factor
algebra. A summary of these equations is presented next.

Casea,i >4and j < i:

F_ ;= (A;/A)F;_, (24)

Caseb,i >4 and j > i:
Subcasebl, j =i:

Fioj=1=2(Ad AD[1 = Fuy_y—uis ] (25)
Subcase b2, j =i+ 1:
Fioj=Ad A{[1 = Fuy s -y ]

- [Fu(i—mfu(/—m - Fuuwwu(/—h]} (26)
Subcase b3, j >i +2:
Fion = (Aol A){[Fuy_y—aij— = Fausy—ag |

- [Fu(i—wfu(/fm - El(‘.74)7,1(/,3)]} @n
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in all of these cases: i = 4,5,6,7,...,M;j =1,2,3,4,..., M;
A; =27ryA z;and Ay = ﬂrfy.

The F,, _,, are view factors between disks of the same diameter,
but at different distances from each other. With the exception of
F,0_ 40, which is the view factor of area a0 in reference to itself
(a0 is a flat disk surface, therefore F, _, is zero), the view factors
F,, _ . canberecalculatedfrom the general disk-to-disk view factor
equation as presented next:

Foyo = %[Xlk - \/Xlzk - 4(R211</R111<)2i| (28)

where

Rl,k = Rz,k = "cy/ hyy,

Lik

Xp =1+ [(1 + Rglk)/Rz ]
hy=((k—-DAz, for k#I

Simplified Transient Model of the Elements
of the Cylinder-Cone Subcavity

The elements of the cavity, i.e., pipes, canisters, PCM, and walls,
are intimately associated to the surfaces used for the radiation ex-
change analysis. A simplified transient analysis of these elements
can be developed using the lumped parameter system approach as
follows. For an element i of the subcavity

dT; (v

miciL =Q,(v,T) (29)
dv

where m; = mass of element, ¢; = specific heat, v=time, T; = tem-

perature, and Q; =incoming energy.

Note that Q; isa functionof both time and temperature. A discrete
approach can be used to solve this equation. The solution can be
obtained implicitly or explicitly as follows.

Implicit:

T' ' — @A mic)Qr ! =T (30)

Explicit:
T"H' =@ umc,)Q" + T (31)

The netamountof energy Q; is obtainedfrom the analysis of radi-
ation heatinputand heatlosses to the environment(space equivalent
temperature 7.,,). In general

Qi(Us T) = Qinput by radiation — Qloss (32)

Through thermocircuit analysis, the heat losses can be evaluated
from

Qloss = [TI(U) - Tenv]/ Ry (33)

where Ry is the total thermal resistance corresponding to the tem-
perature potential T; (v) — T.,,. This resistance depends on geome-
try and properties of the various elements of the subcavities of the
receiver. For example, the thermal resistance Ry through the com-
posite walls of cylindrical elements takes into account the thick-
nesses and thermoconductivities(shown next) of the inner liner, the
metallic skin (Haynes 188), and the multifoil (blankets of nickel
and aluminum) insulation (MLI), wrapped around the metallic skin,
and because the MLI faces the surrounding space, the Ry also de-
pends on the effective emissivity of this material. Important re-
ceiver data: sun power at the aperture=12.5, 11.5, 10 kW; initial
soak temperature=311 K (560°R); sun period= 66 min; eclipse
period =27 min; melting point of PCM = 1041 K (1872.7°R); to-
tal mass of PCM =24 kg (531bm); radius of aperture= 88.9 mm
(3.5in.); radius of optical control surface (OCS)=241.3mm
(9.51in.); total length cavity =762 mm (30in.); canister per pipe=
24; outside radius of canister=27.7mm (0.895in.); canister
width=25.4mm (1.0in.); pipes 0.d.=22.225mm (0.875in.); in-
let manifold o.d.=50.8mm (2.0 in.); outlet manifold o.d.=

86.36mm (3.4 in.); liner thickness=12.7mm (0.5 in.); thick-
ness of insulation=19.05mm (0.75 in.); time increment= 1 min;
liner thermoconductivity=10 Kcal/mh°C; thermoconductivity
of Haynes 188=15.6 W/mK; effective thermoconductivity of
MLI=5.2 W/mK; MLI effective emissivity=0.1; density of
Haynes 188 =9130.5 kg/m® (570 1bm/ft); specific heat of PCM =
1.775 kJ/kg K (0.424 Btu/Ibm °F); specific heat of Haynes 188 =
535.9 J/kgK (0.128 Btu/Ibm°F). In this particular case, the total
thermal resistance can be evaluated from the expression

r=— - —_ —_
Ai k liner k metal skin k MLI 4SGTE?1V

(34)

where t represents the thickness, & is the thermal conductivity, o is
the Stefan-Boltzmann constant, and ¢ is the effective thermal emis-
sivity of the MLI. For the cylindricalelements, therefore, Qs is first
conducted through the layers of the composite wall and ultimately
radiated to the surrounding space at an effective temperature, 7, .

The resultsfrom Eqs. (30) and (31) representthe temperature vari-
ation with respectto time of the elements of the receiver. Validation
of the model is done using temperature variation of the receiver
canisters.

Computer Simulation: Conditions and Results

A computer code (SIMPLECode) written in Fortran 77, was de-
veloped to simulate startup operation of the receiver based on the
mathematical model explained in the previous sections. A general
flow diagram of this code is presented in Fig. 8. The data required
to run the program for temperature prediction of startup operation
was directly taken from the experimental unit installed in tank-6 at
NASA-LeRC (see Fig. 9). These data include geometry, transport,
and thermodynamicpropertiesof materials,and conditionsof exper-
imentation. It should be emphasized that thermophysical properties
depend on temperature level. This dependency, however, was not
taken into consideration for the model computations.

The reference experiments for comparison and discussion are
taken from the tests performed by the SD GTD team on April 3 and
4, 1995, and the one performed one year later on April 4, 1996, at
the NASA-LeRC." These tests are two in a series of experiments of

Data Input

Find Configuration
Factors of Receiver

Find Radiosities
{function of time)

Find Net Energy Input
in receiver elements.
Apply lumped model

{explicit)

Examine’
conditions
to end

program,

Fig. 8 Flow diagram of computer sim-
ulation code.

"Mason, L., “SD GTD Test Report #4,” and Report of April 4, 1996,
NASA-LeRC, Cleveland, OH.



the SD GTD program, whose main objective is to develop further
experience on SD performance for space applications and model
validation. The most important data used to run the computerized
model and the experiment are summarized in the previous text.
The computercode calculatesthe variationof the canister temper-
atures atdifferentlocations within thereceiver cavity as a functionof
time. The averagecanistertemperaturein the cavity is thenevaluated
and compared with the experimental average canister temperature
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from the tests in tank-6. Graphical comparisons of experimental
and theoretical results are presented in Figs. 10 and 11. Each figure
shows the experimental and theoretically predicted average canister
temperature as a function of time for startup conditions.

CCEP Code and Its Computer Simulation Results

The closed cycle engine program (CCEP) is an in-house NASA-
LeRC computer code that has been developed to analyze and simu-
late performance of closed-cycle Brayton space systems for power
generationin space. It evolvedin the early 1980s and it has its roots
in the Navy/NASA engine program, developed for the simulation
and design of aircraft gas-engine systems. The CCEP program is
currently being tested against experimental data from the SD GTD
program. Preliminary correlation between the CCEP prediction of
startup operation of the receiver and actual experimental data is be-
ing analyzed at NASA-LeRC. A case comparison between experi-
mental data and predictions from the CCEP program is presentedin
Fig. 12, for three levels of solar power at the aperture of the receiver.
This comparisonis in reference to the SD GTD test of April 4, 1995
used in the comparison of Fig. 10.

Discussion of Results

The immediate availability of data from the actual system be-
ing tested at NASA-LeRC constitutes one of the advantages of the
development of the simplified model presented in this paper, over
models that have been developed prior to the design, construction,
and testing of an actual experimental unit, such as the CCEP code.
Direct observations of the tests’ characteristics and geometry of
the SD unit were instrumental for conceptualizing the analytical
model, and they greatly facilitated the choice of simplifications and
assumptions.

In general, the comparison presented in Figs. 10 and 11 shows a
close qualitativeand quantitativecorrelationbetween the theoretical
predictions of the simplified model and experimental results. The
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value of the incident solar power at the aperture of the receiver is an
important part of the input data of the program. The closest agree-
ment between theory and experience is obtained when this power
inputis selectedat 10 and 11.5 kW for the cases studied. There have
been several efforts to accurately measure the incident radiation at
the aperture. However, there still exists some uncertainty among the
experimentalistat NASA-LeRC, regarding the measurement of the
level of the effectivesolar power enteringthe apertureof the receiver.
The results from the computer simulations suggest that the selected
insolation levels of 10 and 11.5 kW can be considered accurate.

Computer predictions using other values of insolation consis-
tently show noticeable or substantial discrepancy, when compared
with the experimental temperature values, particularly at the begin-
ning of the first eclipse (points around 1 h). The reported experimen-
tal values of solar power entering the aperture at startup conditions
are 9.64 kW for the April 1995 test, and 11.7 kW for the April 1996
test. The percent difference between the values used in the model
and those reported from experiment are 3.67 and 1.72% for April
1995 and April 1996, respectively.

Discrepancy between model prediction and experiment is ob-
served in all trials for times beyond the point where the average
canister temperature first reaches the melting point of the PCM,
1040.4K (1872.7°R). There is a simple explanation for this discrep-
ancy. The simplified model was not designed to model the melting
process (latent behavior) of the PCM in the canisters. The theoret-
ical model only predicts sensible heating behavior of the elements
of the receiver, including the PCM contained in the canisters. The
domain of the theoretical predictionranges between the initial tem-
perature and the initiation of the melting process of the PCM in the
canisters.

Also, a more detailed examination of the curvesindicatesa small
but consistent discrepancy within the eclipse period of the orbit.
It may be concluded that the time response of the model does not
match exactly that of the experimental unit. Given the number of
variables involved in the computational model, this small discrep-
ancy is to be expected. It suggests, however, a closer revision of
values of geometric and thermal properties used in the computa-
tions, because these parameters directly affect the time response of
the theoretical model (in purely lumped systems, this is identified
as the time constant of the system).

The results from the CCEP are also presented for comparison.
Three levels of insolation were used: 9.7, 9.9, and 11.0 kW. The
graphical results from this code clearly suggest the need to review
or change the model used in the CCEP code, to simulate startup
operation of the receiver. The discrepancy between experiment and
model from the CCEP code is evident for all levels of insolation
used in the comparison.

Summary
The startup operation of NASA’s 2-kW SD power system has
been modeled using a simple but effective mathematical approach.
Results from the simplified model presented in this paper are in
close agreement with results obtained from tests at NASA-LeRC.
On the basis of this agreement, it may be concluded that the values
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of insolation used for the computations are an accurate theoretical
estimate of the actual insolation at the aperture of the receiver. The
results are highly satisfactory, and there is potential for further en-
hancement. This model, for example, can be modified and adapted
to include system behavior beyond the melting point of the PCM in
the canisters.
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