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Solar Absorber Plates: Design and Application to Microgravity
Capillary-Pumped-Loop Experiments

M. B. H. Mantelli* and E. Bazzo'
Federal University of Santa Cataring, 88040-900 Fiorianopolis, Brazil

An absorber plate is proposed to collect solar energy te be supplied to experiments in space. lts perfermance
depends on the geometry of the satellite, on the incident environmental heat loads (solar, albedo, and Earth infrared
radiation), and on the temperature level of the plate, which is usually an outcome of the microgravity experiment.
A steady-state mathematical model is proposed to estimate the temperature distribution along the plate. Finite
difference numerical models are developed Tor the steady-state and transient conditions and compared with the
analytical model. Average temperatures and the net heat absorbed are determined. An experimental setup is
developed Lo generate data to be compared with the theoretical models, A good agreement is observed among the
experimental data, the analytical, and the numcerical results. The procedure is applied to the small-scale capillary-
pumped-loop experiment, which will fly aboard the French Brazilian Microsatellite, This experiment is described,
Solar absorbers can be considered as a relinble alternative 1o improve the available heat power for experiments in

spae.
Nomenclature

i = half the length of the capillary pump. m

[ = hias error

b ball the length of the border of the plae,
& dircction, m

imtegration constant (n variable)

C..CC, =

Cp = specilic heat, constant pressure, KWikg - K
C = hall the length of the border of the plale,
v direction, m
dy = degrees of frecdom
h, = ruclintive heat transter coeflicient, Wim?® - K
k = thermal conductivity, W/im - K: time-iteration
counting variable
", n = nodde numbering (v and v directions., respectively)
N = maximum number of seres terms, number
ol clements
P = electrical power, W
i = thermal power, Wim?
E = ¢lectrical resistinee, £2
5 = environmental wotal heat load, Wim®; standard

deviation
r = lemperature, K

Ty = Muid temperature, K

T = space lemperature, K

I = thickness of the plate, m; time, s Swdent ¢
multiplying factor

u = umgerlainty interval

v = voltage, V

X 0 = orthogonal directions, Cartesian system

o = abhsorplivity

€ = cimissivily

8,6, . ¥ = wmperature dilference, (T — T)

At = gigenvalue

P = density, kg/m*

a = Stefan-Bolzmann constant, 5.67 = 10 %
Wim® - K*
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Introduction

N the past decade. especially after the end of the cold war, many

countries have had casicr access to the spacecraft technologics,
They are now able to run their space programs more efficiently
than before. On the other hand, it is well known that the budgers
for space programs have, in general, decreased. To adapt the space
programs 1o these budgets, a new generation of small satelliles is
being developed. One of the challenges in the development of small
satellites is 1o create new thermal control technologies or to adap
the existing oncs, because, as the satellite reduces in size, the heat
dissipation per unit volume increases,

Muost of the satellites under development within the frame ol the
Brazilian Space Program have equatorial orbits and are small in size,
such as the French Brazilian Microsatellite planned o be launched
in 2000, Several scientific and wechnological cxperiments will be
tested aboard this satellite. The Saellite Thermal Control Group of
the Federal University of Santa Catarina proposed to the Brazilian
Academy of Sciences a small-scale capillary-pumped-loop (CPL)
experiment. which was approved.

The available power for experiments in space in small spacecrafis
is usually limited. In this work theoretical and experimental resalis
are presented for an absorber plate, proposed to collect solar energy
lo b used in experiments under microgravity such as the small-
scale CPL.

A CPL is a passive two-phase heat-transfer loop that is able to
transport an amount of energy one order of magnitude larger than
heat pipes. With the increase ol the heat dissipation per unit volume
in spacccrafts along the years, CPL has been more and more con-
sidered as a good alternative for the thermal control of satellies. A
basic CPL has the following main components: one or more cold
plates, where dissipating clements are installed and where evapora-
tors {one or more) are thermally connected; a condenser Lo transfer
heat from the working fluid 1o the heat rejection system: smooth
tubes, for the transponation of the vapor generated in the evapo-
rators 1o the condenser; smooth wbes for the transportation of the
liquid, which leaves the condenser to the evaporator: and a fluid
reservoir, W control the amount of liguid in the loop and 1o contral
the Muid eperation wemperature,

The basic CPL operating principle is summarized as follows': as
the evaporator is heated, liguid from the saturated wick evaporates,
and the vapor Nows through the loop w the condenser zone, where
heat is removed and vapor is condensed; from the condenser, the
ligquid Mows back 1o the evaporator by capillary action. Belore leav-
img the condenser, any remaining vapor bubble is collapsed in the
subcooled liguid return Jine. Unlike conventional heat pipes CPL
has the wick structure only in the evaporator section and provides
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individual lines for liquid and vapor flows, These features allow a
high capillary pumping rate with homogencous wick structures. As
in a heat pipe, the meniscus self-adjusts 1o establish the pumping
action needed to match the flow losses along the loop.

Literature Review

In the past two decades researchers around the world have stud-
ied several aspects of CPLs. Theoretical and experimental studies
dealing with the complete system or with specific CPL components,
such as capillary pumps, condensers, and reservoirs, have been pub-
lished. A brief summary of the prototypes tested under microgravity
conditions are presenied here, with special atention w the experi-
ment energy supply systems employed.

Most of the microgravity tests of CPLs were carried on the
space shuttles. Small-scale CPLs were tested inside the GAS
(gel away special) cylindrical comainer. This is the case of the
CPL1.,? tested in June 1985, and of the European TPX (two-phase
experiment),” tested in February 1994, The power was su pplicd by
batteries, which were experiment dedicated and located inside the
container.

Larger CPL prototypes were iesied using the U.S. Space Shuule
Hitchhiker Carrier System. In these cases the power necessary Lo run
the experiments was supplied by the shuttle. The following six dif-
ferent CPL experiments were microgravity tested under these condi-
tions: the CPL1 {a rellight of the CPL1/GAS in January 1986)"; the
CAPL1." flown in February 1994; the CAPL2.? flown in September
1995, the TPF (two-phase flow)." tested in August 1997; and the
loop heat pipe (LHF),” tested in December 1997, CPL are still in
development in the United States, and new prototypes are scheduled
to be tested in the near future in microgravity conditions.? using the
space shuttle facilities.

The world interest in the development of LHP is growing nowa-
days, especially in the United Swies, Acwally, the former USSR
developed, in the last decade, an advanced program in LHP, which
is asimpler conception of CPLs, The main difference between CPLs
and LHPs is in the reservoir that is a compensation chamber in the
LHP. Maidanik et al.* described several LHPs, with special empha-
sis in the ALYONA module, which was developed for tests aboard
the spacecraft GRANAT launched in December 1989, This system
used solarenergy as the heat source and thermal radiation 1o space as
the heat sink. A controller, developed especially for these tests, con-
trolled the amount of heat radiated w the space. In space the LHP
transferred 40-50 W of heat power for an absorber plate area of
0.48 m”. The experiment was considered well succeeded by the au-
thors, but details of the system design, of the techniques employed,
of the physical, analytical, andfor numerical models adopted and
the data collected are not available in the licrature, Actually, LHP
can be considered the state of art in Russia being presently used in
its satellites, such as the OBZOR, launched in August 199410

In this work the solar energy is proposed as the heal source for
the CPL and other experiments in space, providing test conditions
for small satellites. Generally, small satellites do not have enough
power available to run experiments in space and are not able o
transport dedicated baticries because of weight limitations. This is
the case of the French Brazilian Satellite,

Contributions

The Brazilian experiment, which will fly aboard the French
Brazilian Satellite to be launched in 2001, consists of a small-scale
CPL model, as reported.'"* The U.S. and European experimental
maodels, especially those mounted and tested in the Space Shule
GAS and Hitchhiker Systems, are, in fact, prowotypes of CPLs de-
signed to transport large heat loads. The Brazilian CPL is concep-
tually small and designed to transfer an amount of heal compatible
with the size of the Brazilian satellites. CPLs present geometric flex-
ibility, which is a very useful characteristic for the thermal control
of satellites, when compared to heat pipes. Thercfore, one attempt
of the CPL study in Brazil is to combine its Aexibility with the
heat capacity necessity of the Brazilian satellites. Another objective
is 1o test capillary pumps with a porous element made of sintered
nickel powder, not tested in orbit yet. More information about CPL
development in Brazil can be found in Refs. 11 and 12,

Most of the CPL experiments in the world were tesied aboard
the space shuttle, which is a large spacecrafl and provides several
test facilities. In these cases the weight of the setup is not g strong
constraint. This is not the case of the French Brazilian Satellite,
where the weight and the available power are severe limitations for
the experiment. To solve these problems, the use of solar energy
absorbed by a plate is proposed and applied 1o the small-scale CPL
experiment. The analytical. numerical, and experimental analysis
of this plate is presenied. The propesed absorber plate is designed
to attend the needs of the CPL experiment, but the concep, the
mathematical model, and the numerical techniques are general and
can be easily adopted to other cases.

CPL Experiment Description

Figure | presents a schematic of the French Brazilian Satellite
geometry, with the location of the small-scale CPL experiment. The
CPL basically consisis of one solar absorber plate, one radiator
plate, and one reservoir. The absorber plate collects the thermal
solar energy and delivers it to the capillary pump, which is attached
to its center. The thermal energy, as latemt heat, is transferred to the
radiator plate, where it is released into space. The capillary-pump
structure consists of a tubular sintered nickel powder, with a porosity
of 30% and an effective capillary radius in the range of 3-8 um,
The Muid selected is anmmaonia,

The geometry and weight of the satellite are severe limitations in
the experiment. The total mass of the experiment must be upio 3 kg.
Because of the geometry of the satellite, the maximum possible size
of the absorber plate is 0.2 % 0.2 m (0.04 m?) and of the radiaor
plate 15 0.55 = 0.25 m. The surface finishing of plates must provide,
to the absorber, the maximum capacity of absorption of solar energy
and, to the radiator, the maximum capacity of rejection of radiative
heatinthe infrared spectrum, Because of its simplicily of application
and availability in the market, black and white paints are selected for
the absorber and radiator plates, respectively. Conservative values
of the emissivity and absorptivity of black paints, used in this work,
are € = o =0.85. For the white paint these values are  =0.84 and
a =015

The absorber and radiator plates are made of 1-mm thick alu-
minum sheets. Stainless-steel tubes of an exwernal diamcter of
0.8 m {% in.) are used to connect the capillary pump 1o the
radiator. The reservoir consists of a 0.019-m (3 in.)-diam stainless-
steel eylinder, with 40 ml of volume,

In Ref. 12, a steady-staie heat balance for the whole experiment is
presented, using lumped-plate temperatures. The optimal range of
lemperature is between 275 and 290 K. For these conditions the CPL
experiment is able to transfer the absorbed solar energy plus |5 W
of clectrical power, 1o be supplicd by the satellite. The reservoir
controls the Auid temperature and, therefore, the temperature levels
of the absorber and radiator plates. The surface temperature levels
determing the plate capacity of absorbing and rejecting heat. For
these calculations the CPL was considered a perfect conductor.

Satellite Orhit and Environmental Heat Load

The environmental heat loads over the satellite are a direct func-
tion of its orbit. The satellite orbit is cquatorial and elliptic, with
period of 98 min, with 1000 km of apogee, 400 km of perigee, and
7 deg of inclination. Figure | also shows a schematic of the orbit and
of the satellite attitude, which is sun-synchronous, The satellite vz

Fig. 1 Schematic of the French Brazilian Satellite orbit, attitude, and
CPL experiment.
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plane is always pointed out to the sun, whereas the v axis is aligned
with the normal to the ecliptic plan.

According 1o Gilmore,” the solar, the Earth infrared, and the
Earth’s albedo radiations are the main sources of environmental heat
loads. Direct solar radiation is the largest source of heat incident on
the satellite. Because ol the Earth's elliptical orbil, the solar radiation
that reaches the Earth varies approximately £3.5%, ranging from
1300 Wim? at the summer solstice w0 a maximum of 1400 Wim?
at the winter solstice. The absorber always receives solar encrgy.
except for the period of the orbit when the satellite is in the Earth's
shadow. Figure 2 presents the solar, the Earth infrared, the Earth's
albedo, and the total environmental heat loads over the absorber
plate for 1 January. Details of the calculation are given by Couto
and Mantelli."* This figure shows that the total heat load curves can
be assumed as a step function, The total heat load, for the shadowed
and sunny pan of the orbit, can be taken as constant values of 356
and 14447 Wim?®, respectively, for the absorber area 0f 0.2 x 0.2 m.
In one orbit the satcllite is in the Earth’s shadow during 34 min and
under solar radiation during 64 min. The wtal environmental heat
load as a function of time is reguired to estimate the heat 10 be
transferred by the experimental CPL.

Mathematical Model

Figure 3 shows the physical model used for the mathematical for-
mulation of the problem, including the boundary conditions, The
temperature distribution is given by the solution of a steady-state,
two-dimensional, and nonhomogeneous boundary condition prob-
lem with unilorm intermal heat absorption, which is not available in
the literature. This model was developed for the present CPL pro-
gram and is briefly presented here, More details can be Tound in the
paper of Mamelli and Bazzo."
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Fig. 2 Environmental heat loads over the absorber plate as a function
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Because of the nonhomogeneous boundary conditions, the heat
problem is divided into two domains (Fig. 3). Following a proce-
dure suggested by Arpaci,' each domain, in twrn, is divided in two
other problems with a known solution: a two-dimensional problem
without heat gencration and a one-dimensional problem with heat
generation. The solution is the combination of all of these four solu-
tions, according to their interface boundary conditions, Mo solution
could be obtained if the choice of the ene-dimensional heat problem
dircction were the same for both domains,

InFig. 3 the absorber is considered insulated at its cdges. The plate
is rectangular with dimensions: 25 and 2¢ in the x and y directions,
respectively. The thickness of the plate is 1. The capillary pump is
assumcd to be located exacily at the center of the plate in the x
direction. The length of the capillary pump is 2a. As the problem
is symmetric with relation to the x and y axes, only one-founth of
the plate is modeled. This figure also shows the two domains. The
temperature differcnce between the plate and the capillary pump
is assumed to be & (x, ¥) for domain | and ¥ {x, ¥} for domain 2.
The temperature of the capillary pump is assumed 10 be equal to the
Muid temperature T, . The contact resistance between the plate and
the capillary pump is considered zero.

The heat partial differential equation, which describes the tem-
perature distribution along the plate, is, for domain 1,

B
Axt

re g
— L=
iyl ¥ ki

(n
This equation is subjected to the boundary conditions shown in
Fig. 3.

The radiative heat cxchanged among the plate, the sun, and the
space is calculated using the plate mean temperature T, which is so
assumed because the variation of the temperature along the plate is
nol expected to be large. Also, the opiical properties (absorptivity
and emissivity) do not vary much for small temperature gradients
along the plate. Therefore, the net heat absorbed was considered uni-
formly distributed along the surface of the absorber plale, given by
a constant value ¢, which is calculated using the Stefan-Boltzmann
cquation for radiation heat transfer:;

g=aS-es(T' -T) (2)
The determination of ¢ is iterative. [ts value is first guessed, the
temperature distribution is determined. the temperature average is
obtained, and g is calculated again until the convergence is achieved.

The heat-conduction problem in each domain, composed ol a
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Fig. 3 Absorber plate physical model and grid scheme.
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Table 1 Geometric and thermophysical
propertics of the ahsorber plate
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“ig. 4 Ahsorber plate mean temperature as 3 function of the number
of the Fourier series terms,

a one-dimensional prohlem with a uniform absorption of the envi-
renmental heat load. for domain 1 is

Ox, ¥) = #{x, v} + B(y) (3)

The temperature distribution, obtained by the solution of Eq. (3,
after the application of the boundary conditions is given by

-~
O, ¥) = Y Con s 1 €0sh(ha 4 1X) $in(hz 41 ¥)
r=0
bedicy + 2ey) )
2kt -

where the eigenvalue A, ) 15
Ay = (20 + D) f2e (3)

Similarly, the wemperature distribution Wix, v) for domain 2 i

0
= E(,‘f:n[cml1{y,,.tj — tanh{je, ) sinhi{ge, x| cosi e, v)
=1

i S : i_9
+ Zkr{ X* + 2bx 4+ a* = 2ab) (6}
where the cigenvalue p, is
iy =nxfe ()]

The C, and CC, constants need to be determined. The equality
of temperatures and derivatives in the interface between domains |
and 2 (sce Fig. 3) results in two equations with the unknowns Cy,
Cievay Cp and CCq, CC, ..., CC,. The arthogonality property
of the Fourier series is applied o the two series, and a system ol 28
equations in 28 unknowns is obtained. After the solution of this
system, the resulting constants are substiluted into Egs. (4) and (6.
and the lemperature distribution is determined.

A study 1o determine the optimal number of Fourier series terms
1o be used in Egs. (4) and (6) is performed. Figure 4 presents the
mean-plate temperature obtained for several numbers of wrms of
the Fourier series. From this figure the conclusion can be made that
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Fig. 5 Steady-state temperature distributions,

10 terms are acceptable because of the precision and low computing
time. Figure 5a presents the temperature distribution for one-fourth
of the plate and for the geometric and physical data presented in
Table 1, using 10 terms of the Fourier serics.

Numerical Models

The linite difference technigue is used lor the numerical model of
the solar absorber plate in steadyv-state and transient conditions. The
same hy pothesis adopted to the mathematical model and sketched in
Fig. 3 is employed with the exception of the unitorm heat absorption
along the plate, not necessary for the numerical model. Again, only
ong-fourth of the plate is analyzed. Absolute temperatures are used
in this model. Figure 3 also presents the plate grid scheme and
the boundary conditions. Numerical models for steady-state and
transicnl conditions are developed and presented.

Steady State

The finite ditfference equations are obtained from a heat halance
between the heat coming from the neighbors” nodes by conduction
and the heal exchanged with the environment by radiation. The
radiation heat exchange, given by Eq. (2) introduces a nonlinearily
in the heat balance equation. The linearized heat-transter coefficient
he 15

hy = EU[T;I"}] (8}

where 7% - is the temperature of the last iteration. A typical heat-
balance equation for an inside node is

(2/ %% + 2/Ay* + 1, [k} Town = [(Tmr -1 = Trm s )] 8Y7]

—[(Tn—1a = Tusra) [ B3] = S/t )

Similar heat balances are applied toall nodes of the plate, and the

resulling system of M - N equations by M - A unknowns is solved
applying the Gauss—Scidel iterative method.
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Transicnt
The transient temperature distribution equation for an absorber
plate receiving radiation heat over its surface is'”

FLT I arT
—_— = = g — 1]
gy dy? by =P ar K

The same grid scheme presented in Fig. 3 is considered. The
fully implicit equation is used for the discretization in time. The
heat-balance equation for an inside grid point is

- = e aped ]

ﬂ'f'F 'ri:;.rllt = "H‘FH _ 'rn.rl ' EIM.N + Tnir.n b1

k At Ax?

?:- lm = 21:.n + ;:r [ I EHT:.Ia E‘{I.‘;
Ay k- Az g Az

Heat balances are applied 1o all nodes of the plate, resulting in
a system of M- N equations by M - N unknowns. Because of the
nonlinearities of the equations, direct methods cannol be applied
to solve this system. The Gauss—Scidel point-by-point method is
sclected for its simplicity.

The average lemperature of the plate and the net absorbed energy
is obtained for the steady-state and transient conditions through the
following expressions:

- (E:_. Z:_l Tum - &x - ajr)
B b
[E:_ B ol (8 —20T],) - Ax- &_1.']

= 12
L b-o (12)

iy

Convergence Study

The steady-state results are important because they are used tocal-
ibrate the transient space grid and 1o compare with the transient re-
sults after the steady-state conditions are achieved. The steady-state
results, in turn. are calibrated by the analytical model. To perform
the convergence study, the plate s divided into different grids, and
the mean lemperature is determined for each grid. Figure 6 shows
the mean wmperature as a function of the number of grid elements
in both dircctions (x and y) lor two values of the tolerance (min-
imum acceplable lemperature difference between two successive
ilerations): 10°* and 10" *, The behavior of both tolerance curves
is similar for grids of up 1o 16 x 16 elements. After this limit the
10~* tolerance curve is unstable. For the 10 * tolerance curve the
mean lemperature 1s almost constant for grids of 10 = 10 elements
or more. Therefore, the space grid 10 = 10 and wolerance of 10 # are

e o Tolerance (AT) g
200 —o— 107 |
= --g-- 10% or less
g 306 o =
o
é_ 304 - -O-f}--0-0--0-0 ]
§ |
'~ 302- .
$ ) .
298- o ;
0 20 40 60 80

MNumber of grid elements (direction x and y)

Fig. 6 Absorber plate mean temperature as a function of the num-
ber of grid elements in directions x and v, as given by Lhe steady-state
numerical model.
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Fig. 8 Absorber plate mean temperature as a function of time for the
10 3 10 space grid and different time steps.
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selected for the present work, The geometrical and thermophy sical
properties of the absorber plate, presented in Table 1, are used.

A similar study was performed for the transient case, where the
space and the time grid relinements are considered. Based on the
steady-state results, the tolerance used is 10°%, Furthermore, the
steady state is considered achieved when the relative lemperature
difference between two consecutive time iterations is less than 10°*
for all grid points. A Ar = | s time step is fixed, and the wmperature
distribution for several grids is obtained and plotted in Fig. 7. The
steady-state lemperature is also shown for comparison purposes.
The number of nodes N in the x and v directions is the same. For
N =8 all of the curves are close, indicating that any mesh could
be used. The grid 10 x 10 is selecied. which is consistent with the
steady-state study conclusion. Figure 7 also shows that the sieady-
state regime is achicved alter around 450 s, starting from a umform
temperature (T level) imtial condition,

The same procedure is adopted forthe time-grid refinement study,
For the 10 = 10 space grid several lime steps are used o oblain
curves of the mean lemperature as a function of lime presented in
Fig. 5. All of the curves are similar, demonstrating that the mean
temperature 15 not very sensitive o the time grid. The wansicent
resulis are used in the comparison with experimental data, and the
Ar =1 5 is selected as the ideal time gnid.

Comparison Between Mathematical
and Numerical Models

The mathematical moedel is implemented in a personal computer
using a software of algebraic manipulation. The geometrical and
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thermophysical propertics used in this study are given in Table 1.
Figure 5a shows the temperature distribution obtained for the ab-
sorber plate, The interface between the two domains (1 and 2; see
Fig. 3) is observed in this ligure, If more terms of the Fourier series
were used, the smoother would be this imerface. The tlemperature
distribution obtained through the steady-state numerical model is
presented in Fig, 5b for the 10 = 10 grid, The comparnison between
the steady-state analytical and numerical results shows that the em-
perature distribution okained wsing both methods, mathemanical
and numerical, is very similar. The mathematical model predicts
a larger temperature variation along the plate than the numerical
model. This is expected because of the hypothesis of uniform heat
absorption along the plate. Actually, the emitted energy increases
at higher temperature regions, decreasing their temperature levels.
Therelore, the numerical method is expected to present belter results
for the regions near the plate borders. On the other hand, the math-
ematical model is very useful for the design of the solar absorber
plate and of the experiments, allowing casicr parametnic studies. For
the present case both methods were shown to be precise and could
be employed with no restrictions. The temperature distribution ob-
tained using the numerical transient model afler the sieady-state
regime is reached is exactly the same as the numerical steady-state
maoxdel and is not presented,

Numerical Model for Transient State
in One Complete Orbit

The numerical model developed for the study ol the transient state
i5 wsed. As shown in Fig. 2, the absorber plate is subjected o two dil-
ferent leveels of total environmental heat loads, according 1o its posi-
tiom inorbit, The transition study is performed through the following
procedure; the steady-state numerical model is used to determine the
temperature distribution of the plate under the direet action of the
solar radiation (5 = 1444.7 W/im?®), This iemperature distribution is
used as the mitial condition for the transient case. Alinstant zero the
environmental heat loads drops instantancously 10 5 = 356 W/m®.
Adter 34 min the plate already achieved the sicady-state conditions,
and the satellite returns 1o the sunny portion of the orbit, where the
environmental heat load instantancously jumps back o § = 1444.7
W/m®. The plate stays in this condition for 64 min. when it enters
again the shadowed portion of the orbit, starting a new cycle.

The temperature distribution presented in Fig. Sb, for onc-fournh
of the plate, represents the steady-state conditions for the hot case,
using the numerical models. The wmperature distribution of the
absorber plate, after it reaches the stcady-state conditions during
its low heat load conditions in the Eanth’s shadow, is almost fla
(maximum variation of 0.20 K) and is not presented.

The average iemperaiure of the plate and the net absorbed heat,
for one-fourth of the plate, are plotted as a function of time in Fig, 9,
Transition time 15 short, In practical terms two dilferent sicady-siate
comditions are achicved, for the sunny and lfor the shadowed portions
of the orbit. The total absorbed hest by the plate is around 32 W for
the sunny and zero for the shadowed parts of the orbit, This value is
ol the same order of magnitede obtained in the former USSR LHP
experiments,” as mentioned in the literature review section,

Experimental Study
The main objective of the experimental work is to provide data 1o
be comparcd with the analytical and numerical models and simulate,
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Fig. % Mean temperature and net absorbed heat as a function of time
for one-fourth the absorber plate area.
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Fig. 10 Schematic of the experimental setup, indicating the position
of the thermocouples.

as much as possible, the thermophysical conditions of an absorber
plate subjected to the space radiation.

Figure 10 presents a schematic of the experimental setup. It
consists basically of an aluminum plate of dimensions 0.02 x
0.02 x 0.00055 m. where a very thin skin heater is bonded over
one of its faces. The skin heater is made of a nickel-chrome resis-
tance, which is deposited over a Kapton sheet using prinmted circuit
board technique. The total resistivity 1s 19,85 . The heat gener-
ated by this resistance can be considered umiform, and it simulates
the nel heat absorbed (solar radiation minus emitted encrgy). This
heat also accounts for the losses through the insulmors and wires,
Because of the material availability, the thickness of this plate is
about hall of that of the actual absorber plate to be used in the
satellite,

The capillary pump was simulated by means of an aluminum
parallelepiped of square section (19,15 mm of border and 61.15 mm
of length) with a cylindrical hole inside. Another block, of similar
dimensions (15.60 = 19.15 = 61.15 mm), was located between the
capillary pump and the center of the plae. Cooling water, with
temperature of around 0.5°C controlled by means of a thermal bath,
flowed through the block, A thermal paste of high conductivity was
spread over the contacting surfaces o minimize the thermal contact
resistance. A neoprene rubber blanker. of 0.3 W/m K of thermal
conductivity and dimensions 0.3 = 0.3 = 0,018 m, was used as the
insulating material over both faces of the plate.

Twelve type K (Chromega-Alomega) thermocouples were in-
stalled (Fig. 103, A data acquisition sysiem was used Lo acquire
the temperature readings, and the resulting data were stored in 2
computer. The voltage and electrical resistances were measured by
means of a high-precision digital volimeter.

The fellowing test procedure was adopted: cool water circulated
within the capillary pump until the plate achieved steady-state con-
ditions. Then. the power supply was wmed on, and the elecirical
resistance released 32.65 W oto the plate. After 45 min the power
was wurned off. After 45 min the eycle started again, being repeated
four times. The data were acquired every 2 s,

According to Moffat,'™ the conceptual can be one of the major
sources of ¢rrors in ong experiment. In the present case the concep-
twal error arises because of the incapacity of the cxperimental sciup
to reproduce exactly the mixed boundary conditions preseribed in
the physical model (see Fig. 3). In the setup an cntire arca between
the block and the plate is at 2 known temperature, nol just a border,
as assumed for the theoretical models. Hence, the thermal constric-
tionfspreading resistance is larger for the theoretical model than
obtained experimentally. This effeet decreases as the size of the
plate increases. The difference between the experimental and theo-
retical temperatures depends on the plate region. being #ero at the
contact interface and reaching a maximum of +4°C on the comer,
The numerical model was used in this estimation,
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Another important source of error observed was the mounting
error. In the present case this error aflects especially the heat power
generation readings, Heat can be lost (o the environment because
of the imperfect insulation of the rubber blanket. The average plate
and insulation external wemperatures were used in the calculation
ol the hem losses, These losses vary during (he transient, but only
two levels, Tor the hot and cold cases, are considered because the
transient time is very short. The heat conducted through the insu-
latien is —3.68 W {loss) for the hot case (sunny part of the orbit)
and +2.26 W (gain) for the cold case (shadowed part of the orbit).
The heat generated can also be lost by the electrical and the thermo-
couple wircs. In this experiment several standard procedures, such
as radiative thermal insulation and thermal grounding of the wires,
were applied to reduce the heat transferred through the wires 1o the
environment 1o around the negligible value of 1.94 = 1077 W,

The measurement of temperature is not so simple as it could
appear at first sight. Moffat™ claims thal the wmperature reading
errors can be divided in bias and random. The bias are the fixed
errors that do not change during the tests, whercas the random arc
the unfixed errors that change as the measurements arc taken.

The thermocouple installation procedure may cause one of the
temperature hias errors, In the present case the Teflon-covered ther-
mocouple wires were uncovered close to their beads. A small piece
of Kapton tape is installed over the plate surface, where the temper-
ature is acquired. The thermocouple bead is fixed in its final position
over the Kaplon by means of another Kapton tape. An aluminum
tape, which arca is similar to those of the Kapton tapes. is installed
over the sandwich lormed berween the tapes and bead. The Kaplon
tape is an eleetrical insulator of the uncovered thermocouple wires
and guarantees that the readings are taken exactly at the desired
point, The aluminum tape insulates radiatively the thermocouple
bead from the environment, and at the same time corrects for the
optical properiies modification effects ol the thermocouple over the
surface,

The data acquisition system intreduces another bias crror. For
the present work the system was calibrated before the experi-
ments, and, according to the manufacturer, the reading errors were
£7.62- 10 *°C. Furthermore, the thermocouple manufacturer re-
ports that the Type K thermocouple measures temperatures with a
bias error of £1.1°C. The miliveltages generated by the thermocou-
ple are converted in temperatures by means of an equation suppliced
by the manufacturer, with an ermor of £0.7°C. All of these bias
errors are rms combined, resulling in 8 =41.31°C. One way of
minimizing the bias errors would be the calibration of each of the
thermocouples used, This effort would not work for the present case
because the reading errors are smaller than the conceptual crrors.
The main source of random errors observed is the electrical noise
in the data acquisition system. This error is minimized, as much as
possible, using the well-known clectrical grounding procedures.

The steady-state regime was considered achieved when the largest
measured lemperature variation was less than 1°C in | min, A
large number of measurements (around 550) were taken aller the
system reached this condition. The standard deviation § was ob-
tained from his large sample. Based on the bias and random
errors, a 93% confidence level uncertainty interval was estab-
lished [U3 =8 + ““_953)31 where fhes is the student distribution
coefficient"™™]. A value of 4°C was added 10 the maximum uncer-
tainty limit to account for the already-mentioned conceptual error.
The uncertainty associated with all data is shown in vertical bars in
the graphs presented in Fig, 11,

The temperatures vary with time in the transient regime. so that
only one lemperature can be oblained at @ time. As the cycle was
repeated four times, the transient sample has four clements (N =4,
df =3, and fygs = 3. 182). The 95% confidence level unceriainty
imterval was obtained for the samples (one sample each 2 s) of four
elements (temperature measurements), which were acquired during
the test, Some of these intervals are presented in the graphs shown
inFig. 11.

The heal power dissipated in the plate is determined from the
voliage and the electrical resistance data. According 1o the multi-
meter manufacturer, the electrical resistance bias error is £0.002 2,
and the voltage bias error is £0.003 V. These two errors were prop-
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Fig. 11 Comparison between the mean numerical and experimental
temperatures.

agated into the power expression (P = V2/R), resulting in a bias
error of 2000837 W. The valtage and the resistance measurements
were stable along the test, so that the standard deviation of the elec-
trical power is zero. Four measurements of power dissipation were
obtained (one for each cycle), and, therefore, the 95% uncerlaimy
intervl is 32,648 £ 0.00837 W with #5095 = 3. 182, as before.

Comparison Between Experimental
and Theoretical Results

For better comparizon between experimental and theoretical data,
the net heat power, as given in the last section, is used. This power is
simply substituted in the analytical model equations. For the numer-
ical case the net absorbed heat is the output of the model, whercas
the incident solar energy 5 is the input. Therefore. this value has to
be adjusted until the absorbed heat calculated is equivalent to the
experimental values. For the analytical model the values 28,76 and
2.26 W were used for the hot and cold parts of the test. For the nu-
merical model the values of 28.52 and 2.20 W were obtained aflier
several ilerations.

Figure 12 presents the comparison between the experimental, an-
alytical, and numerical temperature results for the cold (emptly sym.
bols) and hot (full symbaols) cases, for the thermocouples shown in
Fig. 10. The thermocouple number 4 presented problems, and its
readings are not shown. The comparison between the theoretical
{analytical and numerical) and experimental results is very good,
within —0.7 and 4.0% for the hot case and within —(0.5 and 0.3%
for the cold case. The comparison of the experimental data with
the numerical resuls is better than the comparison with the analyt-
ical data, as expected. For the hot steady-state case the differences
between the numerical and experimental temperatures read by the
thermocouples located near the capillary pump (numbers 2 and §) are
s0 small that the predicted temperatures are within the uncertaintics
limits. The comparison for the thermocouples close 1o the plate cor-
ners (numbers 7-4) is not so good. On the other hand, the difference
between the analytical and numerical results are almost constant for
all of the thermocouple positions. Figure 12 also shows that all of
the results agree very well among themselves for the cold case,

In Fig. 11 the area weighted mean numerical iemperatures (full
line) for a complete orbit, including the transient and steady-state
regimes, are compared with experimental data. This figure shows
that the steady-state numerical results are located within the uncer-
tainty limits of the experimental data, indicating that the comparison
is very good. The comparison plots of the numerical and experimen-
tal temperatures Tor all of the thermocouples are very similar to the
graph of Fig. 11 and will not be presented in this paper. The tem-
perature experimental uncertaintics (vertical bars) represent only
around 1.6 and 1.4% of the temperatures for the cold and hot cases,
respectively.

Figure 1 | also shows that the experimental steady-state conditions
are reached much slower than the theoretical predictions. Actually,
the theoretical model considers radiation heat exchange, whereas
in the cxperiment the heat is released to the plate by conduction,
Radiation heat exchanges are very sensitive to the temperature level,
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Fig. 12 Comparison between theoretical (analytical and numerical)
results and experimental data for the thermocouples located according
to Fig. 10,

When the satellite just enters in the Earth shadow, the plate is still hot
and able to release heat to space quickly. Similarly, when the satellite
leavies the shadow, the plate is cold allowing the sun energy (o be
absorbed quickly. However, in the experimental setup the variation
of the thermal conductivity of the material with the temperature is
negligible, and the simulated heat absorption capacity is not affected
by the temperature levels,

The transient numerical model was selected as the theoretical
maodel for comparison with data for the only reason that it represents
better the physical model tested and that it is able 1o estimate the
transient behavior.

Conclusion

Small scientific satellites generally do not provide enough power
to run many experiments in space. An efficient way 1o deal with this
problem is 1o use the solar energy. Outside panels of the satellite
can be used as absorber plates. This work shows that solar cnergy
can be absorbed by an absorber plate, made of a black-painted thin
aluminum sheet.

The amount of absorbed heat depends on the plate lemperature
level. Therefore, the temperature distribution must be known 1o en-
able the evaluation of this encrgy. In this paper this temperature
distribution is determined by three different ways. Based on a com-
mon physical model, one analytical (steady-state) and two numerical
{steady-state and transient) models are developed. An experimen-
tal setup is designed and tested with the objective of collecting
data 1o be compared with the theoretical models. This comparison
is very good, especially between the experimental and numerical
results.

The analytical model was shown be simpler to work with because
any resull can be obtained by the direct substitution of the appropri-
ale physical parameters. In spite of being more time and computer
consuming, the numerical model was shown to be more precise be-
cause some restrictive hypotheses imposed 1o the analytical mode]
were not applied to the numerical model. In fact, both the models
proved 1o be very efficient in the estimation of the plate temperature
distribution and of the net absorbed heat. In conclusion, the use of
solar absorbers for cxperiments in space was shown o be an easy,

light, and efficient solntion for hemt gencration problems in small
satellites,
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