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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 Catarina, 88040-900 Florianópolis, Brazil

An absorber plate is proposed to collect solar energy to be supplied to experiments in space. Its performance
depends on the geometry of the satellite, on the incident environmentalheat 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 for 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 to generate data to be compared with the theoretical models. A good agreement is observed among the
experimental data, the analytical, and the numerical results. The procedure is applied to the small-scale capillary-
pumped-loop experiment, which will � y aboard the French Brazilian Microsatellite. This experiment is described.
Solar absorbers can be considered as a reliable alternative to improve the available heat power for experiments in
space.

Nomenclature
a = half the length of the capillary pump, m
B = bias error
b = half the length of the border of the plate,

x direction, m
Cn , CCn = integration constant (n variable)
Cp = speci� c heat, constant pressure, kW/kg ¢ K
c = half the length of the border of the plate,

y direction, m
d f = degrees of freedom
hr = radiative heat transfer coef� cient, W/m2 ¢ K
k = thermal conductivity,W/m ¢ K; time-iteration

counting variable
m, n = node numbering (x and y directions, respectively)
N = maximum number of series terms, number

of elements
P = electrical power, W
q = thermal power, W/m2

R = electrical resistance, X
S = environmental total heat load, W/m2; standard

deviation
T = temperature, K
T f = � uid temperature,K
Ts = space temperature, K
t = thickness of the plate, m; time, s; Student t

multiplying factor
U = uncertainty interval
V = voltage, V
x , y, z = orthogonal directions, Cartesian system
a = absorptivity
² = emissivity
h , H , U , W = temperature difference, (T ¡ T f )
k , l = eigenvalue
q = density, kg/m3

r = Stefan–Boltzmann constant, 5.67 £ 10 ¡ 8

W/m2 ¢ K4
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Introduction

I N the past decade, especially after the end of the cold war, many
countries have had easier access to the spacecraft technologies.

They are now able to run their space programs more ef� ciently
than before. On the other hand, it is well known that the budgets
for space programs have, in general, decreased. To adapt the space
programs to these budgets, a new generation of small satellites is
being developed.One of the challengesin the developmentof small
satellites is to create new thermal control technologies or to adapt
the existing ones, because, as the satellite reduces in size, the heat
dissipation per unit volume increases.

Most of the satellites under developmentwithin the frame of the
BrazilianSpaceProgramhave equatorialorbitsand are small in size,
such as the French Brazilian Microsatellite planned to be launched
in 2001. Several scienti� c and technological experiments will be
tested aboard this satellite. The Satellite 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 availablepower for experimentsin space in small spacecrafts
is usually limited. In this work theoretical and experimental results
are presented for an absorber plate, proposed to collect solar energy
to be 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 increaseof the heat dissipationper unit volume
in spacecrafts along the years, CPL has been more and more con-
sidered as a good alternative for the thermal control of satellites. A
basic CPL has the following main components: one or more cold
plates, where dissipatingelements are installed and where evapora-
tors (one or more) are thermally connected; a condenser to transfer
heat from the working � uid to the heat rejection system; smooth
tubes, for the transportation of the vapor generated in the evapo-
rators to the condenser; smooth tubes for the transportation of the
liquid, which leaves the condenser to the evaporator; and a � uid
reservoir, to control the amount of liquid in the loop and to control
the � uid operation temperature.

The basic CPL operating principle is summarized as follows1: as
the evaporator is heated, liquid from the saturated wick evaporates,
and the vapor � ows through the loop to the condenser zone, where
heat is removed and vapor is condensed; from the condenser, the
liquid � ows back to the evaporatorby capillary action. Before leav-
ing the condenser, any remaining vapor bubble is collapsed in the
subcooled liquid return line. 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 � ows. These features allow a
high capillary pumping rate with homogeneouswick structures.As
in a heat pipe, the meniscus self-adjusts to establish the pumping
action needed to match the � ow 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
dealingwith the completesystem or with speci� c CPL components,
such as capillarypumps, condensers,and reservoirs,havebeen pub-
lished.A brief summary of the prototypestestedundermicrogravity
conditions are presented here, with special attention to 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
(get away special) cylindrical container. This is the case of the
CPL1,2 tested in June 1985, and of the European TPX (two-phase
experiment),3 tested in February 1994. The power was supplied by
batteries, which were experiment dedicated and located inside the
container.

Larger CPL prototypes were tested using the U.S. Space Shuttle
HitchhikerCarrier System. In these cases the power necessaryto run
the experimentswas supplied by the shuttle. The following six dif-
ferentCPL experimentswere microgravitytestedunderthese condi-
tions: the CPL1 (a re� ight of the CPL1/GAS in January 1986)1; the
CAPL1,4 � own in February 1994; the CAPL2,5 � own in September
1995; the TPF (two-phase � ow),6 tested in August 1997; and the
loop heat pipe (LHP),7 tested in December 1997. CPL are still in
development in the United States, and new prototypesare scheduled
to be tested in the near future in microgravity conditions,8 using the
space shuttle facilities.

The world interest in the development of LHP is growing nowa-
days, especially in the United States. Actually, the former USSR
developed, in the last decade, an advanced program in LHP, which
is a simpler conceptionof CPLs. The main differencebetweenCPLs
and LHPs is in the reservoir that is a compensation chamber in the
LHP. Maidanik et al.9 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 solar energyas the heat sourceand thermalradiationto spaceas
the heat sink. A controller,developedespeciallyfor these tests, con-
trolled the amount of heat radiated to the space. In space the LHP
transferred 40–50 W of heat power for an absorber plate area of
0.48 m2 . The experiment was consideredwell succeededby the au-
thors, but details of the system design, of the techniquesemployed,
of the physical, analytical, and/or numerical models adopted and
the data collected are not available in the literature. Actually, LHP
can be considered the state of art in Russia being presently used in
its satellites, such as the OBZOR, launched in August 1994.10

In this work the solar energy is proposed as the heat 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 to
transport dedicated batteries because of weight limitations. This is
the case of the French Brazilian Satellite.

Contributions
The Brazilian experiment, which will � y aboard the French

Brazilian Satellite to be launched in 2001, consists of a small-scale
CPL model, as reported.11,12 The U.S. and European experimental
models, especially those mounted and tested in the Space Shuttle
GAS and Hitchhiker Systems, are, in fact, prototypes of CPLs de-
signed to transport large heat loads. The Brazilian CPL is concep-
tually small and designed to transfer an amount of heat compatible
with the size of the Braziliansatellites.CPLs presentgeometric� ex-
ibility, which is a very useful characteristic for the thermal control
of satellites, when compared to heat pipes. Therefore, one attempt
of the CPL study in Brazil is to combine its � exibility with the
heat capacitynecessity of the Brazilian satellites.Another objective
is to 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 tested aboard
the space shuttle, which is a large spacecraft and provides several
test facilities. In these cases the weight of the setup is not a 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 to the small-scale CPL
experiment. The analytical, numerical, and experimental analysis
of this plate is presented. The proposed absorber plate is designed
to attend the needs of the CPL experiment, but the concept, the
mathematical model, and the numerical techniquesare general and
can be easily adopted to other cases.

CPL Experiment Description
Figure 1 presents a schematic of the French Brazilian Satellite

geometry,with the location of the small-scaleCPL experiment.The
CPL basically consists 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 latent heat, is transferred to the
radiator plate, where it is released into space. The capillary-pump
structureconsistsof a tubularsinterednickelpowder,with a porosity
of 50% and an effective capillary radius in the range of 3–8 l m.
The � uid selected is ammonia.

The geometry and weight of the satellite are severe limitations in
the experiment.The total mass of the experimentmust be up to 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 m2) and of the radiator
plate is 0.55 £ 0.25 m. The surface � nishingof plates must provide,
to the absorber, the maximum capacityof absorptionof solar energy
and, to the radiator, the maximum capacity of rejection of radiative
heat in the infraredspectrum.Becauseof its simplicityof application
and availabilityin the market, blackand white paints are selectedfor
the absorber and radiator plates, respectively. Conservative values
of the emissivity and absorptivityof black paints, used in this work,
are ² = a =0.85. For the white paint these values are ² =0.84 and
a = 0.15.

The absorber and radiator plates are made of 1-mm thick alu-
minum sheets. Stainless-steel tubes of an external diameter of
0.0048 m ( 3

16 in.) are used to connect the capillary pump to the
radiator. The reservoir consists of a 0.019-m ( 3

4 in.)-diam stainless-
steel cylinder, with 40 ml of volume.

In Ref. 12, a steady-stateheat balancefor the whole experiment is
presented, using lumped-plate temperatures. The optimal range of
temperatureis between275 and 290 K. For these conditionsthe CPL
experiment is able to transfer the absorbed solar energy plus 15 W
of electrical power, to be supplied by the satellite. The reservoir
controls the � uid temperature and, therefore, the temperature levels
of the absorber and radiator plates. The surface temperature levels
determine the plate capacity of absorbing and rejecting heat. For
these calculations the CPL was considered a perfect conductor.

Satellite Orbit and Environmental Heat Load
The environmentalheat loads over the satellite are a direct func-

tion of its orbit. The satellite orbit is equatorial and elliptic, with
period of 98 min, with 1000 km of apogee, 400 km of perigee, and
7 deg of inclination.Figure 1 also shows a schematicof the orbit and
of the satellite attitude, which is sun-synchronous.The satellite yz

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 y axis is aligned
with the normal to the ecliptic plan.

According to Gilmore,13 the solar, the Earth infrared, and the
Earth’s albedo radiationsare the main sourcesof environmentalheat
loads. Direct solar radiation is the largest source of heat incidenton
the satellite.Becauseof theEarth’s ellipticalorbit, the solar radiation
that reaches the Earth varies approximately §3.5%, ranging from
1300 W/m2 at the summer solstice to a maximum of 1400 W/m2

at the winter solstice. The absorber always receives solar energy,
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.14 This � gure shows that the total heat load curves can
be assumed as a step function.The total heat load, for the shadowed
and sunny part of the orbit, can be taken as constant values of 356
and 1444.7 W/m2 , respectively,for the absorberarea of 0.2 £ 0.2 m.
In one orbit the satellite is in the Earth’s shadow during 34 min and
under solar radiation during 64 min. The total environmental heat
load as a function of time is required to estimate the heat to be
transferred by the experimental CPL.

Mathematical Model
Figure 3 shows the physicalmodel used for the mathematicalfor-

mulation of the problem, including the boundary conditions. The
temperature distribution is given by the solution of a steady-state,
two-dimensional, and nonhomogeneousboundary condition prob-
lem with uniform internal heat absorption,which is not available in
the literature. This model was developed for the present CPL pro-
gram and is brie� y presented here. More details can be found in the
paper of Mantelli and Bazzo.15

Fig. 2 Environmental heat loads over the absorber plate as a function
of time.

Fig. 3 Absorber plate physical model and grid scheme.

Because of the nonhomogeneous boundary conditions, the heat
problem is divided into two domains (Fig. 3). Following a proce-
dure suggested by Arpaci,16 each domain, in turn, is divided in two
other problems with a known solution: a two-dimensional problem
without heat generation and a one-dimensional problem with heat
generation.The solution is the combinationof all of these four solu-
tions, according to their interface boundary conditions.No solution
couldbe obtainedif the choice of the one-dimensionalheat problem
direction were the same for both domains.

InFig. 3 theabsorberis consideredinsulatedat its edges.The plate
is rectangularwith dimensions: 2b and 2c in the x and y directions,
respectively. The thickness of the plate is t . The capillary pump is
assumed to be located exactly 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-fourth of
the plate is modeled. This � gure also shows the two domains. The
temperature difference between the plate and the capillary pump
is assumed to be H (x, y) for domain 1 and W (x, y) for domain 2.
The temperatureof the capillarypump is assumed to be equal to the
� uid temperature T f . 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,

@2 H

@x2
+

@2 H

@y2
+

q

k t
= 0 (1)

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

The radiative heat exchanged among the plate, the sun, and the
space is calculatedusing the plate mean temperature T̄ , which is so
assumed because the variation of the temperature along the plate is
not expected to be large. Also, the optical properties (absorptivity
and emissivity) do not vary much for small temperature gradients
alongthe plate.Therefore, thenetheat absorbedwas considereduni-
formly distributed along the surface of the absorber plate, given by
a constantvalue q , which is calculatedusing the Stefan–Boltzmann
equation for radiation heat transfer:

q = a S ¡ ² r
¡
T̄ 4 ¡ T 4

s

¢
(2)

The determination of q is iterative. Its value is � rst guessed, the
temperature distribution is determined, the temperature average is
obtained,and q is calculatedagainuntil the convergenceis achieved.

The heat-conduction problem in each domain, composed of a
two-dimensional problem with no environmental heat load and by
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Table 1 Geometric and thermophysical
properties of the absorber plate

Parameter Value

a 0.05 m
b 0.1 m
c 0.1 m
t 0.001 m
k 177 W/mK
² 0.85
a 0.85
T f 280 K
Ts 4 K
q 1444.7 W/m2

Fig. 4 Absorber plate mean temperature as a function of the number
of the Fourier series terms.

a one-dimensional problem with a uniform absorption of the envi-
ronmental heat load, for domain 1 is

H (x , y) = h (x , y) + U (y) (3)

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

H (x , y) =
1X

n = 0

C2n + 1 cosh( k 2n + 1x) sin( k 2n + 1 y)

+
1

2

q

kt
( ¡ y2 + 2cy) (4)

where the eigenvalue k 2n + 1 is

k 2n + 1 = (2n + 1) p /2c (5)

Similarly, the temperature distribution W (x , y) for domain 2 is

W =
1X

n = 0

CCn [cosh( l n x) ¡ tanh( l nb) sinh( l nx)] cos( l n y)

+
q

2kt
( ¡ x2 + 2bx + a2 ¡ 2ab) (6)

where the eigenvalue l n is

l n = n p /c (7)

The Cn and CCn constants need to be determined. The equality
of temperatures and derivatives in the interface between domains 1
and 2 (see Fig. 3) results in two equations with the unknowns C0,
C1 , . . . , Cn and CC0, CC1 , . . . , CCn . The orthogonality property
of the Fourier series is applied to the two series, and a system of 2N
equations in 2N unknowns is obtained. After the solution of this
system, the resulting constants are substituted into Eqs. (4) and (6),
and the temperature distribution is determined.

A study to determine the optimal number of Fourier series terms
to be used in Eqs. (4) and (6) is performed. Figure 4 presents the
mean-plate temperature obtained for several numbers of terms of
the Fourier series. From this � gure the conclusioncan be made that

a) Analytical (10 terms of the Fourier series)

b) Numerical (grid 10 ££ 10)

Fig. 5 Steady-state temperature distributions.

10 terms are acceptablebecauseof the precisionand 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 series.

Numerical Models
The � nite differencetechnique is used for the numericalmodel of

the solar absorberplate in steady-stateand transient conditions.The
same hypothesisadoptedto the mathematicalmodel and sketchedin
Fig. 3 is employedwith the exceptionof the uniformheat absorption
along the plate, not necessary for the numerical model. Again, only
one-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
transient conditions are developed and presented.

Steady State
The � nite difference equations are obtained from a heat balance

between the heat coming from the neighbors’nodes by conduction
and the heat exchanged with the environment by radiation. The
radiation heat exchange, given by Eq. (2) introduces a nonlinearity
in the heat balanceequation.The linearizedheat-transfercoef� cient
hr is

hr = e r
¡
T ¤

m ,n

¢3
(8)

where T ¤
m ,n is the temperature of the last iteration. A typical heat-

balance equation for an inside node is
¡
2 ê D x2 + 2/ D y2 + hr / kt

¢
Tm,n ¡

£
(Tm ,n ¡ 1 ¡ Tm,n + 1) ê D y2

¤

¡
£
(Tm ¡ 1,n ¡ Tm + 1,n ) ê D x2

¤
= a S / kt (9)

Similar heat balancesare applied to all nodes of the plate, and the
resulting system of M ¢ N equations by M ¢ N unknowns is solved
applying the Gauss–Seidel iterative method.
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Transient
The transient temperature distribution equation for an absorber

plate receiving radiation heat over its surface is17

@2T

@x2
+

@2T

@y2
+

q

kt
= q Cp

@T

@t
(10)

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

q Cp

k

T k + 1
m,n ¡ T k

m,n

D t
=

T k
m,n ¡ 1 ¡ 2T k

m ,n + T k
m ,n + 1

D x2

+
T k

m + 1,n ¡ 2T k
m,n + T k

m ¡ 1,n

D y2
¡

e r T 4k
m ,n

k ¢ D z
+

e a S

D z
(11)

Heat balances are applied to 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 cannot be applied
to solve this system. The Gauss–Seidel point-by-point method is
selected for its simplicity.

The average temperatureof the plate and the net absorbed energy
is obtained for the steady-stateand transient conditions through the
following expressions:

T̄ =

± PN
n = 1

PM
m = 1

Tm,n ¢ D x ¢ D y
²

b ¢ c

q =

h PN
n = 1

PM
m = 1

¡
a S ¡ e r T 4

m,n

¢
¢ D x ¢ D y

i

b ¢ c
(12)

Convergence Study
The steady-stateresultsare importantbecausetheyareused to cal-

ibrate the transient space grid and to compare with the transient re-
sults after the steady-stateconditionsare achieved.The steady-state
results, in turn, are calibrated by the analytical model. To perform
the convergence study, the plate is divided into different grids, and
the mean temperature is determined for each grid. Figure 6 shows
the mean temperature as a function of the number of grid elements
in both directions (x and y) for two values of the tolerance (min-
imum acceptable temperature difference between two successive
iterations): 10 ¡ 3 and 10 ¡ 4. The behavior of both tolerance curves
is similar for grids of up to 16 £ 16 elements. After this limit the
10 ¡ 3 tolerance curve is unstable. For the 10 ¡ 4 tolerance curve the
mean temperature is almost constant for grids of 10 £ 10 elements
or more. Therefore, the spacegrid 10 £ 10 and toleranceof 10 ¡ 4 are

Fig. 6 Absorber plate mean temperature as a function of the num-
ber of grid elements in directions x and y, as given by the steady-state
numerical model.

Fig. 7 Absorber plate mean temperature as a function of time for D t =
1 s and different space grids.

Fig. 8 Absorber plate mean temperature as a function of time for the
10 £ 10 space grid and different time steps.

selected for the present work. The geometrical and thermophysical
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 re� nements are considered. Based on the
steady-state results, the tolerance used is 10 ¡ 4 . Furthermore, the
steady state is considered achieved when the relative temperature
differencebetween two consecutivetime iterations is less than 10 ¡ 8

for all grid points.A D t =1 s time step is � xed, and the temperature
distribution for several grids is obtained and plotted in Fig. 7. The
steady-state temperature is also shown for comparison purposes.
The number of nodes N in the x and y directions is the same. For
N ¸ 8 all of the curves are close, indicating that any mesh could
be used. The grid 10 £ 10 is selected, which is consistent with the
steady-state study conclusion. Figure 7 also shows that the steady-
state regime is achieved after around 450 s, starting from a uniform
temperature (T f level) initial condition.

The same procedureis adoptedfor the time-grid re� nement study.
For the 10 £ 10 space grid several time steps are used to obtain
curves of the mean temperature as a function of time presented in
Fig. 8. All of the curves are similar, demonstrating that the mean
temperature is not very sensitive to the time grid. The transient
results are used in the comparison with experimental data, and the
D t = 1 s is selected as the ideal time grid.

Comparison Between Mathematical
and Numerical Models

The mathematical model is implemented in a personal computer
using a software of algebraic manipulation. The geometrical and
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thermophysical properties 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 � gure. If more terms of the Fourier series
were used, the smoother would be this interface. The temperature
distribution obtained through the steady-state numerical model is
presented in Fig. 5b for the 10 £ 10 grid. The comparison between
the steady-stateanalyticaland numerical results shows that the tem-
perature distribution obtained using both methods, mathematical
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.
Therefore,the numericalmethod is expectedto presentbetter 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,allowingeasierparametricstudies.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 after the steady-state
regime is reached is exactly the same as the numerical steady-state
model and is not presented.

Numerical Model for Transient State
in One Complete Orbit

The numericalmodeldevelopedfor the studyof the transientstate
is used.As shown in Fig. 2, the absorberplate is subjectedto two dif-
ferent levels of total environmentalheat loads, according to its posi-
tion in orbit.The transitionstudy is performedthroughthe following
procedure:the steady-statenumericalmodel is used to determinethe
temperature distribution of the plate under the direct action of the
solar radiation (S = 1444.7 W/m2 ). This temperature distribution is
used as the initial conditionfor the transient case. At instant zero the
environmental heat loads drops instantaneously to S = 356 W/m2.
After 34 min the plate already achieved the steady-stateconditions,
and the satellite returns to the sunny portion of the orbit, where the
environmental heat load instantaneouslyjumps back to S =1444.7
W/m2 . 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. 5b, for one-fourth
of the plate, represents the steady-state conditions for the hot case,
using the numerical models. The temperature distribution of the
absorber plate, after it reaches the steady-state conditions during
its low heat load conditions in the Earth’s shadow, is almost � at
(maximum variation of 0.20 K) and is not presented.

The average temperature of the plate and the net absorbed heat,
for one-fourthof the plate, are plotted as a functionof time in Fig. 9.
Transition time is short. In practical terms two different steady-state
conditionsare achieved,for the sunnyand for the shadowedportions
of the orbit. The total absorbed heat by the plate is around 32 W for
the sunny and zero for the shadowed parts of the orbit. This value is
of the same order of magnitude obtained in the former USSR LHP
experiments,9 as mentioned in the literature review section.

Experimental Study
The main objectiveof the experimentalwork is to provide data to

be comparedwith theanalyticaland numericalmodels and simulate,

Fig. 9 Mean temperature and net absorbed heat as a function of time
for one-fourth the absorber plate area.

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 £
0.02 £ 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 printed circuit
board technique. The total resistivity is 19.85 X . The heat gener-
ated by this resistance can be considered uniform, and it simulates
the net heat absorbed (solar radiation minus emitted energy). This
heat also accounts for the losses through the insulators and wires.
Because of the material availability, the thickness of this plate is
about half of that of the actual absorber plate to be used in the
satellite.

The capillary pump was simulated by means of an aluminum
parallelepipedof square section (19.15 mm of borderand 61.15mm
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 plate. Cooling water, with
temperatureof around 0.5±C controlledby means of a thermal bath,
� owed through the block. A thermal paste of high conductivitywas
spread over the contactingsurfaces to minimize the thermal contact
resistance. A neoprene rubber blanket, 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. 10). A data acquisition system was used to acquire
the temperature readings, and the resulting data were stored in a
computer. The voltage and electrical resistances were measured by
means of a high-precisiondigital voltmeter.

The following test procedure was adopted: cool water circulated
within the capillary pump until the plate achieved steady-statecon-
ditions. Then, the power supply was turned on, and the electrical
resistance released 32.65 W to the plate. After 45 min the power
was turned off. After 45 min the cycle started again, being repeated
four times. The data were acquired every 2 s.

According to Moffat,18 the conceptual can be one of the major
sources of errors in one experiment. In the present case the concep-
tual error arises because of the incapacityof the experimental setup
to reproduce exactly the mixed boundary conditions prescribed in
the physical model (see Fig. 3). In the setup an entire area between
the block and the plate is at a known temperature, not just a border,
as assumed for the theoreticalmodels. Hence, the thermal constric-
tion/spreading resistance is larger for the theoretical model than
obtained experimentally. This effect decreases as the size of the
plate increases.The differencebetween the experimental and theo-
retical temperatures depends on the plate region, being zero at the
contact interface and reaching a maximum of +4±C on the corner.
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 affects especially the heat power
generation readings. Heat can be lost to the environment because
of the imperfect insulation of the rubber blanket. The average plate
and insulation external temperatures were used in the calculation
of the heat losses. These losses vary during the transient, but only
two levels, for the hot and cold cases, are considered because the
transient time is very short. The heat conducted through the insu-
lation is ¡ 3.69 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 wires. 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 to the
environment to around the negligible value of 1.94 £ 10 ¡ 3 W.

The measurement of temperature is not so simple as it could
appear at � rst sight. Moffat18 claims that the temperature reading
errors can be divided in bias and random. The bias are the � xed
errors that do not change during the tests, whereas the random are
the un� xed errors that change as the measurements are taken.

The thermocouple installation procedure may cause one of the
temperature bias errors. In the present case the Te� on-covered ther-
mocouple wires were uncoveredclose to their beads. A small piece
of Kapton tape is installedover the plate surface,where the temper-
ature is acquired.The thermocouplebead is � xed in its � nal position
over the Kapton by means of another Kapton tape. An aluminum
tape, which area is similar to those of the Kapton tapes, is installed
over the sandwich formed between the tapes and bead. The Kapton
tape is an electrical 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 propertiesmodi� cation effects of the thermocoupleover the
surface.

The data acquisition system introduces another bias error. For
the present work the system was calibrated before the experi-
ments, and, according to the manufacturer, the reading errors were
§7.62 ¢ 10 ¡ 2±C. Furthermore, the thermocouple manufacturer re-
ports that the Type K thermocouple measures temperatures with a
bias error of §1.1±C. The milivoltagesgeneratedby the thermocou-
ple are converted in temperaturesby means of an equation supplied
by the manufacturer, with an error of §0.7±C. All of these bias
errors are rms combined, resulting in B = §1.31±C. One way of
minimizing the bias errors would be the calibration of each of the
thermocouplesused.This effortwould not work for the presentcase
because the reading errors are smaller than the conceptual errors.
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 electrical grounding procedures.

The steady-stateregimewas consideredachievedwhen the largest
measured temperature variation was less than 1±C in 1 min. A
large number of measurements (around 550) were taken after the
system reached this condition. The standard deviation S was ob-
tained from this large sample. Based on the bias and random
errors, a 95% con� dence level uncertainty interval was estab-
lished [U 2 = B2 + (t0.95S)2 , where t0.95 is the student distribution
coef� cient19,20]. A value of 4±C was added to the maximum uncer-
tainty limit to account for the already-mentionedconceptual error.
The uncertaintyassociatedwith 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 temperature can be obtained at a time. As the cycle was
repeated four times, the transient sample has four elements (N = 4,
d f =3, and t0.95 =3.182). The 95% con� dence level uncertainty
interval 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
in Fig. 11.

The heat power dissipated in the plate is determined from the
voltage and the electrical resistance data. According to the multi-
meter manufacturer, the electrical resistancebias error is §0.002 X ,
and the voltage bias error is §0.003 V. These two errors were prop-

Fig. 11 Comparison between the mean numerical and experimental
temperatures.

agated into the power expression (P = V 2 / R), resulting in a bias
error of §0.00837 W. The voltage and the resistancemeasurements
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% uncertainty
interval is 32.648 § 0.00837 W with t0.95 = 3.182, as before.

Comparison Between Experimental
and Theoretical Results

For better comparisonbetweenexperimentaland theoreticaldata,
the net heat power, as given in the last section, is used.This power is
simply substitutedin the analyticalmodel equations.For the numer-
ical case the net absorbed heat is the output of the model, whereas
the incident solar energy S is the input. Therefore, this value has to
be adjusted until the absorbed heat calculated is equivalent to the
experimental values. For the analyticalmodel 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 after
several iterations.

Figure 12 presents the comparisonbetween the experimental,an-
alytical, and numerical temperature results for the cold (empty sym-
bols) and hot (full symbols) 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 results 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
thermocoupleslocatednear thecapillarypump(numbers2 and5)are
so small that the predicted temperaturesare within the uncertainties
limits. The comparisonfor the thermocouplesclose to the plate cor-
ners (numbers 7–9) is not so good.On the other hand, the difference
between the analyticaland 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 temperatures (full
line) for a complete orbit, including the transient and steady-state
regimes, are compared with experimental data. This � gure shows
that the steady-state numerical results are located within the uncer-
tainty limits of the experimentaldata, indicatingthat the comparison
is very good.The comparisonplots of the numericaland experimen-
tal temperatures for 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 uncertainties (vertical bars) represent only
around 1.6 and 1.4% of the temperatures for the cold and hot cases,
respectively.

Figure11alsoshows that theexperimentalsteady-stateconditions
are reached much slower than the theoretical predictions. Actually,
the theoretical model considers radiation heat exchange, whereas
in the experiment the heat is released to the plate by conduction.
Radiationheat exchangesare very sensitiveto the temperaturelevel.
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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
andable to releaseheat to spacequickly.Similarly,when the satellite
leaves the shadow, the plate is cold allowing the sun energy to be
absorbed quickly. However, in the experimental setup the variation
of the thermal conductivity of the material with the temperature is
negligible,and the simulatedheat absorptioncapacityis not affected
by the temperature levels.

The transient numerical model was selected as the theoretical
model for comparisonwith data for the only reason that it represents
better the physical model tested and that it is able to estimate the
transient behavior.

Conclusion
Small scienti� c satellites generallydo not provide enough power

to run many experiments in space.An ef� cient way to deal with this
problem is to use the solar energy. Outside panels of the satellite
can be used as absorber plates. This work shows that solar energy
can be absorbed by an absorber plate, made of a black-paintedthin
aluminum sheet.

The amount of absorbed heat depends on the plate temperature
level. Therefore, the temperature distributionmust be known to en-
able the evaluation of this energy. In this paper this temperature
distribution is determined by three different ways. Based on a com-
mon physicalmodel,oneanalytical(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 to be compared with the theoretical models. This comparison
is very good, especially between the experimental and numerical
results.

The analyticalmodel was shown be simpler to work with because
any result can be obtainedby the direct substitutionof the appropri-
ate 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 to the analytical model
were not applied to the numerical model. In fact, both the models
proved to be very ef� cient in the estimationof the plate temperature
distribution and of the net absorbed heat. In conclusion, the use of
solar absorbers for experiments in space was shown to be an easy,

light, and ef� cient solution for heat generation problems in small
satellites.
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