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Abstract:

Thermal reemission affects satellite orbits when a recoil force results from the emission of radiation from the
satellite surface. In this study, the analysis of the thermal reemission force on the satellite is made separately, that
is, when the satellite (CBERS 04A’s main body and the solar panels) are hit by the sunlight and when the satellite is
into the shadow. Thus, it is presented an expression in an exponential form in order to explain the behavior of the
perturbation due to thermal reemission on the panels when they are inside the Earth’s shadow. Both the time spent
into the shadow and the relaxation time of the solar panels allowed an analysis of the behavior of the disturbing
acceleration and of the orbital elements, during cooling and heating processes. The results presented in this study
are promising in terms of practical applications.
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1. Introduction

Most Earth Resource Satellites orbits are at a height of about 750 km and the main disturbance acting on
their orbits are caused mainly by the non-uniform distribution of the Earth’s mass, the gravitational attractions of
Moon and the Sun, the pressure of solar radiation, the atmospheric drag and the indirect gravitational effects of
the Sun and the Moon. But there are others small non-gravitational forces such as, among others, the Earth’s
albedo, electromagnetic perturbations, Lense-Thierring effect, Poynting-Robertson effect, Yarkovsky-Schach effect,
and thermal reemission force that cannot be neglected in order to obtain an accurate orbit for such satellites. This
work deals with the disturbance due to the thermal reemission force, also taking into account the passage of the
satellite through the Earth’s shadow. An application is done considering the CBERS 04A satellite.

Thermal reemission effect is due to the solar heating and affects satellite orbits when a recoil force results
from the emission of radiation from the satellite surface. This force is known as thermal reemission force, it depends
on a satellite’s effective cross-sectional area and of the orientation of the satellite in space, i.e., its attitude. The
modeling of the thermal reemission on satellites presents a reasonable degree of complexity due to the irregular
shape of the satellite. In this study, smaller structures (e.g. antennas) contribute to the effective area, but their
shapes are not considered (Rodriguez-Solano et al. 2012)

The CBERS 04A (China-Brazil Earth Resources Satellite), shown in Figure 1 is a three-axis-stabilized satellite
with complex shape and different absorption and reflection features for each component at its surface. The CBERS
04A orbit is about 630 km. For this satellite, the axes are right-handed system with the origin at the satellite center
of mass (cm). The Z axis is pointed to nadir (Earth’s surface). The Y_axis is parallel to the solar panels and the X_axis
completes the right-handed system, as shown in Figure 2.

Source: https://cbersO4A.inpe.br

Figure 1: CBERS 04A

The aim of this research is to present the disturbance due to the thermal reemission force on the CBERS 04A,
taking into account the model developed by Afonso et al. (1989). These authors present a model for the thermal
reemission force when the satellite is under the shadow of the Earth. Due to this fact, in this paper the analysis of
the thermal reemission force on the satellite (CBERS 04A’s main body and the solar panels) is made separately, that
is, when the satellite is hit by the sunlight and when the satellite is into the shadow.

Nowadays the satellites are covered in Multi-Layer Insulation (MLI) which is composed by multiple layers of
thin sheets. MLI blankets are the most common insulation, though single layer barriers are sometimes used where
lesser degrees of insulation are required because they are lighter and less expensive (Boushon 2018).

The thermal reemission forces on CBERS 04A’s main body and on the solar panels are estimated because the
satellite complexity is not considered.
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2. Thermal reemission forces

The CBERS 04A’s main body is assumed to have a box shape and almost all its faces are covered with 15-layered
MLI blankets, except the parts with radiators which are painted in S781 white paint for the faces with less solar
incidence (Costa and Wang 2015). The MLI contributes with a large part of the thermal reemission force. The Optical
Solar Reflector (OSR) areas are not considered. Thus, this force can be expressed as (Zierbart et al. 2003; Adhya
2005; Duha et al. 2006)

aF, = — 25Th g
b= T3¢ n (1)

where € is the emissivity, o is the Stephan-Boltzmann constant, T, is the temperature of the element of area dA, c
is the speed of the light and 11 the unit vector normal to the emitting surface. Integrating Equation 1 over the body
surface, the thermal reemission force is

—
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where A_is the mean cross-section area-body, €_ is the emissivity of the MLI and T_the temperature of the satellite’s
body, which is assumed to be uniformly distributed.

CBERS 04A solar panels consist of many thin layers of materials sandwiched together to form a composite
structure. According to Costa et al. (2015), the panels with large heat dissipation equipment, where additional heat
transfer capability was needed, had aluminum-ammonia axially grooved Heat Pipes installed both embedded into
honeycomb panels and in the extern surface.

The solar panels are treated as planar surfaces remaining always Sun-facing, and their temperatures are
modeled as a function of Sun-panels distance and taking into account the material properties of each layer in the
panels. The thermal reemission force on the panels can be evaluate by integrating Equation 1 over the solar panels
(Zierbart et al. 2003; Adhya 2005; Duha et al. 2006)

4 4

= 2A (T —&pTy)) (3)

Fp=——F——n
3 c

where Ais the panels area, T.and T , €, and g, are the temperatures and the emissivity of the front and back solar

panels, respectively, and the unit vector normal to the panels.

Dividing Equation 2 by the CBERS 04A’s mass M_and Equation 3 by the solar panel’s mass M, the total
thermal reemission acceleration, when the satellite is hit by the sunlight, is given by (Duha et al. 2006)

S 2Ap eioTd 2A (Tf — T, . .. .
App = |- M, m lc S _ 3, . (sindXg + cosPpZy) (4)

¢, is the angle between the satellite—Sun vector S and the unit vector Zs,Xs ,Ys , Zgare the unit vectors in the
CBERS 04A-fixed reference system, as shown in Figure 2.
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Figure 2: Unit vectors X, y, Z-

Table 1 and Table 2 present the material properties and the temperatures used in the box shape MLI model
and in the solar panels, respectively. The material properties values have been difficult to find in this analysis since
data on the properties of these surfaces were not available and are assumed to remain constant throughout the
satellite’s orbit. The material parameters influence the thermal reemission force which are calculated and have
effect on the satellite trajectory. The temperatures are approximated and remain constant in the orbits.

Table 1: CBERS 04A’s body material properties and temperature.

Parameter Value
Emii 0.7
T, 314.1K
o] 5.6699 x 10 W/m?2 K*

Source: R.L. Costa, personal communication, 2021.

Table 2: Solar panels material properties and temperature.

Parameter Value
€ 0.87
€ 0.88
T, 327.1K
T 324.3 k

b

Source: R.L. Costa, personal communication, 2021.

3. Thermal reemission forces into the Earth’s shadow

Morescki (2006) presents an exponential expression modeling the behavior of the perturbation due to
thermal reemission on the panels into the Earth’s shadow, which is based on the model proposed by Afonso et al.
(1989). The panels continue to emit the thermal reemission in a short time after entering shadow (cooling process)
and takes a short period of time to reach the same thermal configuration (heating process) as before entering
shadow. A simple cylindrical shadow model is used, and it is sufficient to determine whether the satellite is in Earth’
shadow or not (Cappelari et al. 1976).
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Thus, the expression of the thermal reemission force on the panels can be expressed by equation below

N —(t-tq)
—|Fple ™ t <t<t,
Fps = . —(t—t,) . —te (5)
l—|Fp|C]p [1—(3 K ]+ |Fple ™ t St<t +1,
where C, is given by the following equation
“te
c 1—e™ (6)
p —_— —
11
e

t,is the shadow entry time, tis the time counted from the right ascension node, t,is the time of exiting from shadow,
t_is the time spent in shadow, t, <t <t, is the cooling process, t, <t<t + T, is the heating process, (t - t,)is the time
measured since the satellite entry into shadow, (t —t,) is the time measured since the satellite left the shadow, T is
the relaxation time of the temperature gradient and e is the base of natural logarithms.

Relaxation time is when the solar panels reach thermic equilibrium after entering shadow and can be obtained
by the approximate solution of the heat conduction equation in one dimension. Because the thickness of the solar
panels is much smaller compared to the other dimensions, one can consider the heat flow in the direction from the
front face to the back face of the solar panels. Thus, the equation of relaxation time is

pCS d2

T =
P 2K,

(7)

where, pis the density (Kg/m?), C_specific heat (J/Kg K), K, is the thermal conductivity (W/m K) of solar panels layers,
d is the thickness (mm) and its numerical values are defined in Table 3.

Table 3: Characteristics of solar panels layers.

Material Thickness Specific Heat Thermal Conductivity Density

(mm) (J/Kg K) (W/m K) (Kg/m?)
Coverglass 0.120 720 1.506 3121
Adhesive 1 0.02 1040 0.146 1080
Solar Cells 0.20 720 150.000 2651
Adhesive 2 0.08 1040 0.310 1510
Kapton Foil 0.05 1040 0.155 1420
Adhesive 2 0.08 1040 0.310 1510
Carbon Fiber 0.1 840 1.300 1650

Al. Honeycomb 21.0 963 0.776 16

Carbon Fiber 0.1 840 1.300 1650

Source: R.L. Costa, personal communication, 2021.

Dividing Equation 5 by the solar panel’s mass Mp, the total thermal reemission acceleration due to solar
panels, is given by (Duha et al. 2006).
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4. Equations of motion
The quantitative prediction of the perturbation on the CBERS 04A is made in two steps:

a) The equation of motion is assumed to include the two body gravitational effect (reference orbit)

f=——0T7F (9)

P=——7%F+A (10)

the vector A is composed of two parts (Kbp and Kbs) corresponding to Equation 4 and Equation 8, respectively,
GM is the geocentric gravitational constant of the Earth, T is the geocentric position vector, r = |F|. The difference
between the reference and perturbed orbits deviations gives the effects of the perturbation in time. Both Equation
9 and Equation 10 are solved numerically using the Runge-Kutta method of seventh-eighth-order (Fehlberg 1968),
with the same initial conditions. The solutions of these equations furnish the positions vectors ¢ and the velocities
vectors v, expressed on Cartesian Inertial System (CIS). Transformations were performed to get the corresponding
orbital elements at any instant of time (Bate et al. 1971, pp.61).

The thermal reemission perturbations deviations, from the differences between reference orbit and perturbed
orbit, can be better visualized in the RNT coordinate system with the origin at the satellite center of mass. In this
system, the radial component R is defined in the direction and sense of the satellite geocentric radius vector, the
normal component N is perpendicular to the orbital plane and the component along track T is perpendicular to R and
N and is also along the velocity vector (Seeber 2003, pp.87; Heilmann et al. 2013). The equations of the deviations
produced on RNT components are presented in Appendix A. This perturbation on the orbital elements can be
visualized by the differences between reference orbital elements and perturbed orbital elements. The equations of
these differences are also showed in Appendix B.

5. Results and discussions

The initial conditions required to solve numerically Equation 9 and Equation 10 is given in Table 4. The orbital
elements are obtained from TLE (NASA/NORAD (2020) (Two-Line Element at 12" 06™ 02° UTC January 11t 2021)
and transformed in state vector (T, V). The step-size (At) used was 10 seconds, the total propagation time of these
equations was 7680 seconds (128 minutes) and one assumes that temperatures of the satellite’s body and solar
panels do not change throughout the satellite’s orbit.
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Table 4: Initial conditions and parameters of the CBERS 04A.

Semi-major axis a 7002675.072 m
Eccentricity e 0.0001596
Inclination i 97.9413

Right ascension node Q 91.6557
Argument of perigee w 85.2103
Mean anomaly M 274.9287
M, 1925 kg

M 55 kg
A 16.38 m?

A, 4.5 m?

GM 3.986008 m?3/s?

Source: the authors.

The value of TpiS on the order of 1 second which leads solar panels to reach thermal equilibrium as soon as
they enter into Earth’s shadow and returns instantly the former thermal configuration when it leaves the shadow.
The Relaxation time was determined by Equation 7 with the values defined in Table 3.

The variations of the RNT components of the position are shown in Figure 3. On the axis of time, the reference
epoch is 12" 06™ 02° UTC January 11* 2021 and the time interval is 10 seconds. The transverse component is the
most affected one, where the deviation amounts to 0.032 m in 128 minutes, while the radial component deviates
around -0.000097 m and the normal component deviates around -0.0058 m.

Figure 3: RNT components of the position RNT.

In Figure 4 it is shown the amplitude variations of the thermal reemission acceleration components A, A, and
A , respectively. Concerning the amplitude of the accelerations when satellite is in sunlight period the components
of the thermal acceleration can have positives and negatives amplitude, with values on the order of 10°m/s%. When
the satellite is under the shadow period (approximately 34 minutes), during the cooling and the heating processes,
the values of the components decline on the order of 103m/s2. This fact is due to thermal equilibrium and it means
that in shadow, the period that the thermal reemission force has effect on the satellite trajectory. The magnitude of

Boletim de Ciéncias Geodésicas, 28(2): e2022008, 2022



A procedure for assessing the thermal reemission effects on CBERS 04A 8

the perturbation acceleration is in the range of A = 6.858 x10° m/s? when the satellite is in sunlight and A = 1.083x10*3
m/s? when it is under the shadow, according to Figure 5.

Figure 4: Thermal reemission acceleration components A, Ay A.

Figure 5: Magnitude of the thermal acceleration A.

In Figure 6 it is showed the differences of semi-major axis (Aa) due to the thermal perturbation effect
and can be seen that such effect produces a small oscillation around 4.8x10° m when the satellite is in sunlight.
When the satellite enters into shadow, the value is around -2.7x10* m, then it drops to -6.19x107 m and after
exiting the shadow the value is around -0.00026 m. The changes of these values are due to thermal equilibrium
of the solar panels.
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Figure 6: Variation of semi-major axis Aa.

Figure 7 shows that the differences Ae, Ai and AQ are not affected by the thermal reemission force and in
Figure 8 it is possible to observe that Aw and AM are affected by a small oscillation with maximum amplitude on the
order of 10 degrees when the satellite is in sunlight and 10° degrees when the satellite is in the shadow.

Figure 7: Variations of Ae, Ai and AQ.
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Figure 8: Variations of Aw and AM.

6. Final considerations

In this study, the equation of motion for CBERS-04A are assumed to include the two body gravitational effect
(reference orbit) and thermal reemission force only (perturbed orbit) and the effect of this last disturbance on the
satellite can be observed by comparing the reference orbit with the perturbed orbit along the time.

The results presented can be extended for other type of satellite, modifying the following hypotheses
considered here: the main body of satellites as a box, the solar panels as planar surfaces and an exponential model
for the thermal reemission forces on the panels when they are into the Earth’s shadow.

The thermal reemission force causes variations the orbital elements (a, w, M) and these effects can be
evaluated during the orbit propagation.

Both the time spent into the shadow and the relaxation time of the solar panels allowed an analysis of
the behavior of the disturbing acceleration and of the orbital elements above mentioned, during cooling and
heating processes.

The orbital deviations due to RNT components and mainly the deviation of semi-major axis are small but
cannot be neglected in the modeling for precise orbit determination of the CBERS 04A satellite.

Also, the small, but uninterrupted alteration of the semi-major axis caused by thermal reemission, over time,
cause the satellite to reach denser layers of the atmosphere, contributing to an increase of the drag action and,
consequently, the duration that the satellite should continue to work in orbit.
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Appendix A - RNT deviations

In this Appendix, the equations of RNT deviations are presented.

1
AR = P [(Xr - xp)xr + (yr - yp)yr + (z, — Zp)zr] (A1)
1
AN = = [(%e = Xp) G + (v = ¥p) Gy + (r = 7)G) (A2)
AT = G =)+ (5= 3o)My + = 21 "

1
re = (% +yf +27)?
G="t XV,

1
G = (G2 + G2 + G2)?
Gx = YrVrz — ZyVry

y = ZrVrx — XrVrz

H=1% %G
1

HX = rr—G (ZrGy yrGZ)
1

Hy = I‘r_G (x,G; — 2,:Gy)

1
H, = I'r_G (Yer - XrG'y)

r. = |F.], is the modulus of the geocentric position vector of the satellite at the reference orbit.
X,Y, z,are the components of ¢ ;
vy = |V,], is the modulus of the velocity vector of the satellite at the reference orbit;

Voo VsV, are the components of v;

rx’
r, = |Fp|, is the modulus of the geocentric position vector of the satellite at the perturbed orbit;
X, Y, 2, are the components of Tps

G , is the momentum angular;

G, Gy, G,, are the components of G ;

H,H, H, are the components of H.
y z
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Appendix B - Orbital elements differences

In this Appendix, the equations of orbital elements differences are presented.

Aa=a,—a, (B1)
Ae =e.—e, (B2)
Ai = iy — i (83)
AQ=Q,—Q, (B4)
Aw = 0 — Wy (B5)
AM = M, — M,, (86)

a,e,i,Q,o,M,are the orbital elements of the satellite at the reference orbit;

a,e, ip, Qp, o, Mp, are the orbital elements of the satellite at the perturbed orbit.
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