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Abstract

The thermal radiation that is rejected or absorbed into deep space is highly variable. Ultralight smart surfaces with arrays
of unit cells can be designed to change their effective emissivity and absorptivity without energy consumption, actuators,
and controllers, and can be used for the temperature control of satellites. The smart surfaces work in a similar manner
to thermal louvers but they are hingeless, lighter, and their activation depends on their anisotropic mechanical properties
and multilayer structure. The generated thermal stresses between layers that have a high mismatch in the coefficient of
thermal expansion cause large deformations and rotations within small temperature changes. The arrays of the surface
open or close, and transform their geometry as a function of temperature; therefore, coatings of different thermo-optical
properties are revealed or concealed, thus creating variable emissivity surfaces. The emissivity and absorptivity curves of
the smart surfaces can be entirely designed as a function of temperature. Theoretically, an emissivity change equal to
Ae = 0.8 can be achieved. The small thermal capacitance renders nanosatellites very susceptible to temperature fluctu-
ations. In this study, different emissivity curves were generated to re-calculate the worst cold and hot cases, and to
redesign the thermal control system of a certain nanosatellite. Ve studied a plethora of design cases based on the energy
balance equation in steady state while considering the nanosatellite as one-node geometry. In two ideal designs, the
temperature deviation of the nanosatellite in the worst cold and hot cases is limited to A7 =37 °C or 43 °C without the
use of heaters. Moreover, with a power equal to 0.7W the temperature deviation is limited to AT =20°C.
Consequently, the thermal fatigue is minimized and the energy consumption during the eclipse phase is reduced.

Keywords
Thermal control, variable emissivity surfaces, nanosatellite, smart materials, louvers, radiators

Date received: 19 April 2018; accepted: 30 July 2018

Introduction

Satellites exchange heat with other bodies via thermal
radiation, and they control their temperature within
the allowable limits using passive and active thermal
control systems (TCS). Pressing needs to be addressed
are the system complexity, the energy-demand mini-
mization, the reliability, the life span of the satellite,
and the incorporation of very small and low-cost
satellites in space missions.' ©

Owing to the variable heat inputs, different
strategies, devices, and materials are necessary for
the thermal control. The most common design
approaches for satellite thermal control involve coat-
ings, heavy louvers, large radiators connected to the
satellite through heat pipes, heaters, thermostats, heat
switches, and controllers.”'? In addition, complex
systems have been introduced in order to handle the
transient environments and the heat loads using digi-
tal turn-down radiators for low Ilunar orbits."?

Moreover, shape memory alloys (SMAs) play a pri-
mary role in the development of systems capable of
handling the thermal radiation. Reversible thermal
panel (RTP) radiators alter their function from a radi-
ator to a solar absorber in order to save power.'* !’
Similarly, morphable CFRP radiators have been
developed and tested.'® Smaller shape memory struc-
tures of a few centimeters allow or prevent the energy
exchange with the environment. '

To boost smaller satellites, engineers in NASA
have re-established the classic louver technology by
reducing louver dimensions in order to fit them into
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nanosatellites.”® Moreover, extremely complex
microelectromechanical devices (MEMs) that incorp-
orate hinges and actuators can actively control
the absorption/rejection of thermal radiation for
space applications using high-voltage power supplies
(microlouvers), and act as variable emissivity surface
(VES), thus achieving a fivefold change in their effect-
ive thermal emissivity.?"**> The performance of the
microlouvers has been kept in low levels due to their
extensive micro-patterning, complexity, and the use of
high-voltage power supplies.

Another promising thermal control solution is the
use of electrochromic materials®® and materials with
temperature-dependent  thermo-optical properties
which can alter their infrared (IR) emissivity from
low to high as the temperature increases from 173 K
to 375K** and from high to low; such a material
is VO2.%

All aforementioned approaches suffer from major
drawbacks: the devices are extremely complex and
heavyweight; MEMs are heavy, extremely complex,
and high cost; certain materials either require power
supplies or are incapable of becoming activated at
various temperature ranges.

More versatile design strategies are required in
order to (a) decrease the temperature fluctuations
during the orbit of the satellite and increase the life
span, (b) reduce the energy consumption of the elec-
trical heaters.

Ultralight smart surfaces with variable emissivity
have been proposed and tested by the present
authors.”® ?® The smart surfaces are able to manipu-
late thermal radiation passively, without the use of
controllers, sensors, and power supplies. The authors
proved theoretically and experimentally’® that it is

possible to design the entire emissivity and absorptivity
behavior of the smart surface as a function of tempera-
ture, and to significantly alter their values (Ae ~ 0.7—
0.8) using a trilayer material (oriented polyethylene,
adhesive, polished aluminum) (Figure 1).

When the unit cells are in the closed position, the
effective emissivity is small (Figure 1(d)). As the tem-
perature increases, the unit cells open and the effective
emissivity increases owing to the internal high-
emissivity coating (Figure 1(d)), thus creating a vari-
able behavior as a function of temperature. Their pro-
grammed behavior can be achieved through the
prediction of their shape transformation by regulating
the view factor of the self-folding unit cells and of the
material (coating) that is exposed to the environment,
thus creating a surface with variable thermal radiation
properties (Figure 1(d)). The temperature-dependent
effective thermal properties could follow desired linear
or nonlinear profiles and achieve the desired absorp-
tivity / emissivity ratios as a function of tempera-
ture.”® These arrays transform their shape via the
developed internal stresses, which are due to the
anisotropic mechanical properties and the large mis-
match of the coefficient of thermal expansion of the
multilayer material, and can perform very complex
movements with large displacements and rotations.
Their behavior is similar to that of “4D biomimetic
materials”.%’

In this study, our scope is to present a preliminary
theoretical study on the thermal control in nano-
satellites for the worst cold and hot cases, with and
without internal dissipated power by using steady-
state energy balance equations and making certain
assumptions. A certain nanosatellite (namely
COMPASS 1°%) was selected in order to redesign its

Open Mode (Tm1)

Closed Mode (T>Tm1)
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Figure 1. Photographs of different developed smart surfaces using oriented polyethylene, adhesive, and low-emissivity external

. . 26-28
layers (aluminum or silver).

(a) Smart surfaces with hexagonal unit cells, (b) 47 mm x 47 mm smart surfaces with rectangular unit

cells,?® (c) thermographic images of the smart surfaces with various unit cell sizes that open and close in less than 40 °C, (d)
representation of the unit cell with external low-emissivity coating and internal high-emissivity coating.
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thermal control using the emissivity and absorptivity
curves of the proposed smart surfaces. We generated
different and realistic effective emissivity and absorp-
tivity curves for each side of the nanosatellite using
different combinations of smart surfaces and coatings.
Our calculations were compared with the calculated
cold and hot cases using common paints and materials
that were used in COMPASS 1.

Mission, re-design scenarios, and
effective material properties

Most of the nanosatellites use passive thermal control
strategies, such as a combination of paints and mater-
ials of different thermo-optical properties, to find
optimized minimum and maximum temperature
levels and to reduce the temperature deviation. Most
of the designed nanosatellites have demonstrated poor
performance in the case of the worst cold case.’* !
For this reason, the use of heaters and sensors are
necessary for the overcooling protection.

Mission and thermal control of COMPASS-|

The orbit of COMPASS-1 is a circular, synchronous,
near-sun low Earth orbit (LEO) at an altitude
of 600km. COMPASS 1 completes one orbital
revolution in 96.30 min.*** The application and the
combination of different coatings and materials on
the external surfaces of the nanosatellite control the
effective emissivity and absorptivity of each side of the
nanosatellite.

To increase the minimum temperature of the nano-
satellite (worst cold case), it would be ideal to reduce
the emissivity of the outer surfaces during the eclipse
period. On the other hand, during the hot case, nano-
satellites are in a constantly illuminated orbit, and the
temperature increases rapidly.

Different combinations of coatings were studied by
the COMPASS-1 team for the calculation of the worst
hot and cold cases and for the identification of the
best coatings’ combination. Four different coatings’
combinations were used in order to calculate the
worst hot and cold cases of this benchmark scenario
(scenario A, Figure 2(a)). Sides 1, 2, 3, 5, and 6 were
covered 70% by solar cells and 30% by aluminum or
30% by black paint (Figure 2(a)); side 4 carried the
antenna and the GPS, and was assumed to consist of
100% black paint or 100% aluminum.*?

Re-design of the thermal control using smart
surfaces and calculation of the effective properties

Three different design scenarios (re-design scenarios)
namely B, C, and D (Figure 2(b), (c), and (d), respect-
ively), were studied and compared in order to increase
the minimum temperature (7' ,;,), decrease the max-
imum temperature (7' ,.x), and handle the tempera-
ture difference of the satellite (A7) into certain
values. Here, AT is the difference of the minimum
calculated temperature of the worst cold case and
the maximum temperature of the worst hot case
|Tmax_ Tmin|~

In the design scenario B, sides 1, 2, 3, 5, and 6 are
covered 70% by solar cells and 30% by smart sur-
faces. The smart surfaces open and close in a tempera-
ture change AT a =40°C (Figure 2(b)).

In the design scenario C, sides 1, 2, 3, and 6 are
covered 100% by smart surfaces that had been
applied over the solar panels, whereas side 4 is cov-
ered 100% by smart surfaces. Side 5 is covered 70%
by solar cells and 30% by black paint. The smart
surfaces open and close in a temperature change
AT gnare =40°C (Figure 2(c)).

In the design scenario D, sides 1, 2, ,3 and 6 are
covered 100% by smart surfaces that had been placed
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Figure 2. Different design scenarios. (a) Benchmark scenario.>? (b) Scenario B: sides |, 2, 3, 5, 6 are covered 70% by solar cells and
30% by smart surfaces. (c, d) Scenario C: the solar cells of sides |, 2, 3, 6 are covered entirely by smart surfaces.
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over the solar cells, whereas side 4 is covered 100%
by smart surfaces and side 5 is covered 70% by solar
cells and 30% by black paint. The smart surfaces open
and close in a temperature change A7 gma=20°C
(Figure 2(d)).

In both scenarios (C and D), during the illuminated
phase, the unit cells open and the solar cells absorb
energy in order to convert it into electrical energy.

Equivalent properties of the sides of the nanosatellite. The
emissivity of common materials remains constant
with temperature variations and cannot drastically
change. However, it is possible to design the entire
behavior as a function of temperature, and to signifi-
cantly alter the thermal emissivity of a surface.
The combination of different coatings creates a
smart surface with versatile design that can be applied
in different satellites and missions. It has been proved
by the authors® that any curve (emissivity or absorp-
tivity) can be generated using the proposed smart sur-
faces, and can be represented by the bounded curves

Emin — €max
83//(T) - l + E(T_ Tmm)/OQSATwﬂarl + gmax (1)

Qmin — Omax
(1) = T T 0358 Ty T s &)

€min and enax values represent the minimum and max-
imum effective emissivity values, while o;, and oyax
values represent the minimum and maximum effective
absorptivity values. T, expresses the temperature at
the middle of the curve, whereas AT,,,,, represents
the temperature span at which the emissivity changes.

Moreover, T along with AT,,,, can be designed to
shift to any desired temperature value (Figure 3, red
and blue line). The highest effective emissivity value of
the smart surfaces is related to the internal coating
and the interaction of the unit cells. When the smart
surfaces are in the closed state, the radiation leakages
were considered to be 1% (the validity of these
assumption is related to the technologies that can be
used for the manufacturing of the smart surfaces).
The equivalent emissivity of each side of the nano-
satellite can be calculated by averaging the thermo-
optical properties of the materials in each side

A Ama

Eside(T) = &man %ﬂ + eman(T) A/ll 2 3)
A A

asiae(T) = ytan —4 + apgan(T) =2 4)

where €44(T) and o;4.(T) are the equivalent emissiv-
ity and absorptivity of each side, respectively, 47,1 1S
the area of the solar cells, 4,,,» is the area of the
smart surface or of a coating with constant thermo-
optical properties, A denotes the overall area of each
side; €pzar1, Aprar are the emissivity and the absorptiv-
ity of solar cells, respectively, and e&y/,2(7) and
apan(T) are the effective emissivity and absorptivity
of the smart surfaces, respectively. Consequently, the
average emissivity of the five sides that radiate into
deep space can be calculated by the following

4esidest 2.3,6(T) + sidea(T)
5

eip(T) = %)
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Figure 3. Effective emissivity or absorptivity of smart surfaces. A bounded equation can be generated according to our demands. For
example, the curve can be designed to start from €, = 0.07 to €min = 0.9 in AT g0 = 25°C with T =20°C (293.15K), blue curve or

To=0°C (273.15K), red curve.
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In this study, we assume that one of the sides (side
5) is always directed to earth’s surface and the remain-
ing five sides radiate into deep space.’® Moreover,
the values of the thermo-optical properties are in the
beginning of life (BOL).

Calculation of the worst cold
and hot cases

The radiation of the Sun reaching the LEO varies by
approximately +3.5% (Qgu). The Earth’s albedo
accounts for approximately 34% of the incident sun-
light that is reflected back to space (Q Albedo)- In add-
ition, the Earth emits long-wavelength IR radiation
with a value of approximately Ip=250 W/m’
(Q'Emh) and can be modeled as an equivalent black
body that emits at 255 K.>'%3*! Finally, the satellite
emits energy to deep space (Q'Sa,_s,,m) and the tem-
perature background for a satellite is approximately
equal to 3K; at the same time, internal dissipated
power (Q) exists, which is mainly attributed to solar
cells, wires, electronic components, or heaters during
the eclipse (Q = 1 W). For the preliminary thermal
design, we calculated the worst hot and cold cases
using the steady-state energy balance equation (6).
In our calculations, we considered the nanosatellite
as one-node geometry.'”*® The terms Qemh and
Qsa,ﬁear,h could be combined into one term, but typ-
ical earth IR data is expressed as a heat flux

qun + Qalbedo + Qeartlz + Q = Q,Yat%space + Q,mraearlh =
= as,(T)gA + 0.34as,(T)sA + ap(T) g4 + O

- sg;R(T)aA(T‘* - T“SW) + esp(T)oAT?

(6)

where &},(T') is the average emissivity of the sides of
the satellite that reject heat into deep space, &,4(T) is
the IR emissivity of the Earth-oriented side (Side 5),
as,(T') is the solar absorptivity, as,(7') is the absorp-
tivity of the albedo, .. is the solar absorptivity from
the Earth. The solar flux is Ig=1370 W/mz, A 1s the
area of each side of the nanosatellite.

Worst hot and cold cases

In the preliminary design, for the worst hot case, the
steady-state temperature can be calculated by the
following

s w(MoTt oy I a(T)
SoeiR(T) pace = So ghp(T)
Tg ar(T) | 0.341 a,,(T')
50 &p(T) S50 &p(T)
0

+ Soeip(T)A
(7

The energy balance equation includes a power dis-
sipation term (Q) due to the operation of the solar
cells and the electronics. The dissipated power of the
nanosatellite is 1 W.*

In the cold case, only the Earth’s IR flux exists
during the period of the maximum eclipse, without
internal dissipation. The temperature of the worst
cold case scenario with internal dissipated power
(e.g. a heater and electronic component) can be
expressed by the following

4 81R(T)T4: 4
Sg,IR( T) space

Ig asp(T) 0
So S/IR(T) 58’1R(T)A0

®)

whereas the temperature of the worst cold case scen-
ario with zero internal energy dissipation, is obtained
from equation (8) for Q = 0.

Calculation of the maximum and the minimum
temperature using the regula falsi method

If the material properties are functions of temperature
(e.g. er(T)), different numerical iterative methods
can be used to extract the solutions. To find the solu-
tion of each equation, the regula falsi iterative method
was used*

(Ty—1 — Tu=2) f(T=1)

T,=T, | — , 9
o) — (T ©)
where Qi — Ouur = fumax(T) (equation (7))
. o er(oT
fmax(T) =T + m = 4 space
Iy ai (T) Ig er(T)
506 R(T) 50 R(T) (10)
0.341, 1 a,,(T) 0
o 5¢R(T) 5¢R(T)Ac
and Qi — Qour = fuin(T) (equation (8))
- _ SIR(T)O'T4 4
SoinT) =T + So¢'1r(T') e (11)
IE EIR(T) Q

Soeir(T)  5¢r(T)Ao

Assuming the first two values (7,,_, and T, _),
and after few iterations, the functions f,,(7) or
fmax(T) must converge to zero.

Results and discussion

Scenario A (Benchmark) — Surface finish with con-
stant thermo-optical properties

We conducted benchmark calculations (scenario A) to
validate the presented results of COMPASS 1 using
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the materials and the combination of materials that
had been used by the team (Figure 2(a)).*® The opti-
mal combination of coatings must be selected for the
orbit and the design of COMPASS 1. In the bench-
mark scenario, three different materials were con-
sidered, namely: (i) aluminum (Al), (ii) black paint
(Bp), and (iii) solar cells (Sc). The emissivity and
absorptivity of each material, as well as the equivalent
emissivity and absorptivity of the sides, are listed in
Table 1.

The following surface finishing combinations were
studied, as may be observed in Figure 4 and Table 2:

Case 1. The Earth-oriented side is covered by 70%
Sc+30% Al Five sides emit energy into deep
space; one side is covered by 100% Al and the
remaining four sides are covered by 70%
Sc+30% Al. The Sun-oriented side is covered by
(a) 70% Sc+30% Al or (b) 100% Al.

Case 2. The Earth-oriented side is covered by 70%
Sc+30% Al. Five sides emit energy into deep
space; one side is covered by 100% Bp and the
remaining four sides were covered by 70%
Sc+30% Bp. The Sun-oriented side is covered
by (a) 70% Sc+30% Bp or (b) 100% Bp.

Case 3. The Earth-oriented is covered by 70%
Sc+30% Bp. Five sides emit energy into deep
space; one is covered by 100% Al and the remain-
ing four sides are covered by 70% Sc+30% Al
The Sun-oriented side is covered by (a) 70%
Sc+30% Al or (b) 100% Al.

Case 4. The Earth-oriented side is covered by 70%
Sc+30% Bp. Five sides emit energy into deep
space; one side is covered by 100% Bp and the
remaining four sides are covered by 70%
Sc+30% Bp. The Sun-oriented side is covered
by (a) 70% Sc+30% Bp or (b) 100% Bp.

The calculated maximum temperature in Case 1,
when the Sun-radiated side is covered by 100% Al is
equal to Tpax=36.11°C (309.26 K) and when the

Table I. Thermo-optical properties that have been used by
the Compass-1 Team.*°

Emissivity ~ Absorptivity
Material (e) (o) Side/s
Aluminum 0.080 0.379
Black paint 0.900 0.970
Solar cells 0.850 0.920
Equivalent properties of the nanosatellite’s sides
30% aluminum and 0.619 0.758 1,2,3,5,6
70% solar cells
30% black paint and ~ 0.865 0.935 1,2,3,5,6
70% solar cells
100% aluminum 0.080 0.379 4
100% black paint 0.900 0.970 4

Sun-radiated side is covered by 70% Sc-+30% Al
the maximum temperature is equal to Ty, =8.16°C
(281.31 K) (Figure 4(a)).

The worst hot case appears when the Sun-radiated
side is covered by 100% Al and the Earth-radiated
side is covered by 70% Sc+30% Bp, Case 3. The
calculated temperature in this case is equal to
Timax = 36.82°C (309.97 K) (Figure 4(c)).

Other finishing combinations of materials indicate
that the maximum temperature can be reduced more
(case 2, Figure 4(b) and case 4, Figure 4(d)). We may
conclude that for this mission, the maximum devel-
oped temperature cannot cause overheating in any of
the components.

In Figure 4, the red bar represents the worst hot
case with 1 W heat dissipation, the light blue bar rep-
resents the worst cold case with 1 W heat dissipation,
the dark blue bar presents the worst cold case without
heat dissipation, the black bar represents the tempera-
ture difference (AT) between the worst hot and cold
cases with 1 W heat dissipation and gray bar repre-
sents the temperature difference (AT) between the
worst hot and cold cases without heat dissipation.

The calculated temperatures for the different sur-
face finishing lead the nanosatellite below the cold
limits. With zero heat dissipated power, the tempera-
ture levels range from 72.,;,=-120.14°C (153.01 K)
to T2,in=-90.41°C (182.74K). With 1 W of heat
dissipation, the temperature levels range from
Tlpnin=-99.83°C (173.32K) to Tly,=-72.20°C
(200.95K) (Table 2). The results of the worst cold
case with or without internal dissipated power indi-
cate that COMPASS 1 during the eclipse period will
be subjected to very low temperature levels.
Moreover, the temperature difference (AT2 = Typax —
T2min) of the satellite is significant in all cases and
fluctuates between 101.79°C and 138.02°C without
internal heat dissipation, while the temperature differ-
ence with 1 W internal heat dissipation fluctuates
between 87.34°C and 115.29 °C. Consequently, alter-
native passive or active strategies are required, such as
thermal blankets, small louvers, or a large heater
attached near the batteries.

Scenario B — Application of the variable emissivity
surfaces on 30% of the surface of each side

We calculated the worst hot and cold cases using the
proposed smart surfaces, which covered only 30% of
the surface of each side and 100% of the surface of the
empty side (Side 4) of the nanosatellite (Figure 2(b)).
The following three different cases were studied
(Table 3). For all cases, the Earth-oriented side is
covered by 70% Sc+30% Smart surfaces (Ssf). Five
sides emit energy into deep space; one surface is cov-
ered by 100% Ssf and the remaining four sides are
covered by 70% Sc+30% Sf. The smart surfaces
were designed to open as the temperature increases.
Different coating combinations (cases) were
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Figure 4. Calculated steady-state temperatures for the worst hot and cold cases for different combinations of materials of the
preliminary thermal design of COMPASS |I. (a) Case I, (b) Case 2, (c) Case 3, (d) Case 4.

considered for the internal and external areas of the
smart surface. We assume that the e;g = oy equality
of the smart surfaces is valid (Figure 5(a)).

black lines represent the 100% smart surface side of
the nanosatellite.

Because the smart surfaces have been applied to
only 30% of the surface of each side of the nanosa-
tellite, the values of the equivalent thermo-optical
properties of the sides 1, 2, 3, 5, 6 changed only
slightly (e.g. Ae ~ 0.6-0.86, Figure 5(b)).

The results from the hot case calculations yielded
the following results: when the Sun-radiated side is
covered by 30% Smart surface +70% Sc the max-
imum temperature of the nanosatellite is equal to
Tmax=13.11°C (286.27K) and when the Sun-
radiated side is covered by 100% smart surface the
maximum temperature is equal to Tp.c=14.62°C
(287.77K) (Figure 5(a)). Table 3 presents all the cal-
culated temperature values for various combinations
of smart surfaces.

If we compare the second smart surface, the max-
imum temperatures are equal to Tj,,,=9.73°C
(282.88K) and Ty =8.32°C (281.47K). The other
smart surfaces lead to even smaller temperatures e.g.
the white zinc oxide lead to very low maximum tem-
peratures ( < 0°C). Table 3 presents all the calculated
minimum and maximum temperatures for the five dif-
ferent smart surfaces.

We may conclude that if we use the smart surfaces in
this mission, the maximum developed temperature
would be in excellent levels. On the contrary, once
again the cold-case predictions yielded very low tem-
perature levels T, =~-72.62°C (200.53K) to
~ —70.31°C (202.84 K) with 1 W of internal heat dissi-
pation and Ty, &~ —88.54°C (184.60K) to ~—90.90°C
(182.25K) without internal heat dissipation.

Case 1. The first case combines aluminum on the
external areas of the smart surface (e,,=0.080,
a,=0.379) and black paint on the internal areas
of the smart surface (e,=0.900, «,,=0.970)
(Figure 5(b)).

Case 2. The second case combines silver coating on
the external areas of the smart surfaces
(epir=0.020, ap,;=0.040) and martin black
velvet paint on the internal areas of the smart sur-
face (e5,=0.940, oy, =0.910) (Figure 5(c)).

Case 3. The third case combines polished aluminum
on the external areas of the smart surface
(epar=0.030, ap,;=0.090) and white zinc oxide
on the internal areas of the smart surface
(e,,=0.930, o, =0.160) (Figure 5(d)).

The aforementioned bounded equations were used
in order to generate the different effective emissivity
and absorptivity curves of the smart surfaces (equa-
tions (1) and (2)). The equivalent emissivity and
absorptivity of the sides as a function of temperature
(e5iae(T)), are summarized in Figure 5(b) and (c) and
Appendix 1. The temperature span (ATy,,,.) Was set
to 40°C, and Ty=—-8.15°C (265K) for all cases.

The solid lines of Figure 5(b) to (d) represent the
equivalent absorptivity and the dashed lines represent
the equivalent emissivity of the sides. The red lines
represent the sides with the solar cells, the blue lines
represent the side that is oriented to the Earth, and the
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Figure 5. (a) Calculated steady-state temperatures for the worst cases for different combinations of smart surfaces. (b, ¢, d)
Equivalent thermo-optical properties as a function of temperature for cases I, 2, 3.

In any case, the temperature values for the worst
cold case rose while the maximum temperature
decreased or remained at the same levels. However,
this value is not a sufficient improvement for the over-
all temperature behavior of the satellite. Owing to
these low temperature values, a heater would poten-
tially be needed. Despite the fact that the temperature
difference of the satellite (AT2=Tmax—72min)
decreased, the 30% of the area that was occupied by
smart surfaces was not sufficient to drastically change
the minimum temperature.

Scenario C — Application of the variable effective
emissivity surfaces on the entire area of the sides
of the nanosatellite

To increase the minimum temperature, we applied the
smart surfaces over the solar cells; 90% of the area of
the side can open, thus allowing the solar cells to
absorb energy. When the nanosatellite is in the eclipse
period, the unit cells are in a closed state and the
effective emissivity of the sides decreases drastically.
In this case, when the nanosatellite would exit the
eclipse period, the smart surfaces would open their
unit cells, thus allowing the solar cells to absorb
light. It becomes obvious that the energy absorbed
from the solar cells that is converted to electrical
energy will be reduced. This is a matter of redesigning
the electrical consumption, which will not be
addressed in this study.

We calculated and examined the worst hot and
cold cases using the proposed smart surfaces that cov-
ered a 100% of the nanosatellite sides (1, 2, 3, 4, 6).
The Earth-oriented side was covered by 70%
Sc+30% Bp. The equivalent emissivity and

absorptivity as a function of temperature of the
sides are listed in Figure 6(b) to (d). The temperature
range (A Tgmar) Was set to 40°C. We observe that the
equivalent thermo-optical properties of the sides dras-
tically change their emissivity (e.g. Ae=0.1 —0.9).

Case 1. The first case combines aluminum on the
external areas of the smart surface (e,,=0.080,
@,;=0.379) and black paint on the internal areas
of the smart surface (e, =0.900, o, =0.970). The
temperature at the middle of the curve is 7o =0°C
(273.15K) (Figure 5(b)).

Case 2. The second case combines silver coating on the
external areas of the smart surfaces (ep,,=0.020,
apy=0.040) and martin black velvet paint on the
internal areas of the smart surface (e, =0.940,
a;,,=0.910). The temperature at the middle of the
curve Ty=11.85°C (285K) (Figure 5(c)).

Case 3. The third case combines polished aluminum on
the external areas of the smart surface (ep,;= 0.030,
apy=0.090) and white zinc oxide on the internal
areas of the smart surface (¢,,=0.930, «,, =0.160).
The temperature at the middle of the curve
To=11.85°C (285K) (Figure 5(d)).

The results from the hot-case calculations yield the
following results (Table 4). Particularly, the maximum
temperature of the second case is equal to
Tax =20.64°C (293.79K), while in the fourth case
the maximum temperature is equal to Ty.x=
11.92°C (285.07K). The temperature deviation of
the benchmark scenario for a maximum temperature
near 20°C (293.15K) was AT gy onire = 125°C (case 4
of the benchmark scenario) while the temperature
deviation of the second and fourth case of scenario
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Figure 6. (a) Calculated steady-state temperatures for the worst cases for different combinations of smart surfaces. (b, c, d)
Equivalent thermo-optical properties as a function of temperature for cases |, 2, 3.

Table 4. Calculated worst hot and cold cases of the third design scenario (scenario C), with and without internal dissipated power.

No electrical
With electrical dissipation dissipation
Side Q=1w) Q=0w)
| 2 3 6 Side 5: Oriented side to earth
30% Bp +70% Sc
100% Smart 100% Smart 100% Smart 100% 100% Smart
Smart material over the Sc over the Sc over the Sc Smart  over the Sc Trnax T min AT T2, min AT2
Case | Black+ Al . o . . 278.21 252.80 2541 23250 4571
. . . . 278.46 252.80 25.66 23250 45.96
Case 2 Martin black . o . . 291.48 266.62 2486 24800 43.48
velvet paint + Silver . . . . 293.80 266.62 27.18 24800  45.80
Case 3 White zinc . o . ° 289.30 265.15 24.15 245.14  44.16
oxide + Aluminum o . . . 281.00 265.15 1585 245.14  35.87

polished

o Sun-oriented side; e Deep-space-oriented side.

C is 45°C and 37°C, respectively without internal
heat dissipation (Table 4). In Case 2, the maximum
temperatures ranges between 5.06°C (278.21K) and
5.31°C (278.46K) (Figure 7(b)). For the worst cold
case without internal energy dissipation, the minimum
temperatures range between —40.65°C (232.15K) and
-25.15°C (248.15K). With internal heat dissipation
the minimum temperature ranges between —6.53°C
(266.65K) and -20.35°C (253.15K).

We may conclude that this drastic change of the
equivalent emissivity of the nanosatellite’s external
areas allows the nanosatellite to be operational
because the maximum and minimum developed tem-
peratures are between the allowable temperature
limits of the electronics and near the lower

temperature limits of the LiPo batteries.* As a con-
sequence, the power of heaters is minimized. The
weight addition in this design scenario will be 16.5g.

Scenario D — Application of highly sensitive variable
smart emissivity surfaces on the entire area of the
sides of the nanosatellite

At this point, we would like to present two improved
smart surfaces’ design and compare them with the
benchmark scenario as function of the internal dissi-
pated heat power during the eclipse. The aforemen-
tioned bounded equations were used with a smaller
temperature operational range (AT,.=20°C).
This means that the smart surfaces that have been
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Figure 7. Calculated steady-state temperatures and temperature difference as a function of internal dissipated power for the worst
cold case of the optimized smart surfaces (cases | and 2) and the benchmark case 4. (a) Temperature difference; (b) calculated worst

cold case.

Table 5. Calculated worst hot and cold cases of the fourth design scenario (scenario D), with and without internal dissipated power.

Side
With electrical dissipation No electrical dissipation
I 2 3 4 6 Q@=1w) @=0w)
Side 5: Oriented side to earth
100% Smart  100% Smart  100% Smart  100% 100% Smart  30% Bp + 70% Sc
Smart material over the Sc  over the Sc  over the Sc Smart over the Sc  T,. Tl min ATI T2 min AT2
Case | Martin black . o . ° ° 287.65 267.42 20.23 248.14 39.51
velvet paint + Silver o . . o . 291.46 267.42 24.03 248.14 43.32
Case 2 White . o . . . 285.48 269.82 15.66 248.14 37.33
zinc oxide +Silver 4 . . ° . 278.89 269.82 9.07 24814 3075

o Sun-oriented side; e Deep-space-oriented side.

applied over the solar cells are more sensitive and
open or close into 20 °C.

Case 1. The first case combines silver coating on the
external areas of the smart surfaces (ep,;=0.020,
o py=0.040) and martin black velvet paint on the
internal areas of the smart surface (e, =0.940,
o, =0.910). The temperature at the middle of
the emissivity curve is 77=3.85°C (277K)
(Figure 7(b)).

Case 2. The second case combines silver coating
(e=0.020, ay,=0.040) on the external areas of
the smart surface and white zinc oxide on the inter-
nal areas of the smart surface (e,=0.930,
a,,=0.160). The temperature at the middle of

the emissivity curve is 77=7.85°C (281K)

(Figure 7(d)) (Table 5).

The first goal is to keep in any circumstances the
maximum temperature of the nanosatellite below
Tmax <20°C (293.15K). The second and most critical
goal is to increase drastically the minimum tempera-
ture in order to minimize or avoid using the energy of
the batteries. The maximum calculated temperatures
are  Tpa=1831°C (291.46K) and 12.33°C
(285.48 K), respectively, while the minimum tempera-
ture is 72,0 = —25.01°C (248.14K) (Table 5).

If we set the lower allowable temperature limit
equal to Thyin & —20°C (293.15K), we observe that
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the power of heaters that will be required to achieve
the minimum set temperature is 0.18 W (cases 1 and 2
of scenario D). In contrast, the required power for
achieving the T, ~ -20°C (293.15K) at steady
state using the best benchmark design scenario
(case 4) is 10 W. In the case where the lower limit of
the satellite is equal to Tp,;;, =0°C (273.15K), the
required power of the best benchmark scenario is
more than 13 W while the power of the first case
and second case of scenario D is 3 W (case 1) and
1.5 W (Case 2), respectively (Figure 7). The tempera-
ture difference A Tgeniite = 79507 — Tﬁio between the
worst hot and cold case of ccenario D will be limited
to 18.45°C (291.60 K), case 1 and 12.43°C (285.58 K),
case 2.

Figure 7 presents the calculated lower temperature
(Tmin) of the satellite and the temperature difference
(AT su0mire) as a function of the internal heat dissipa-
tion for the (a) fourth case of the benchmark scenario
(blue lines), (b) first case of scenario D (black lines),
and (c) second case of scenario D (red lines). The
power during the eclipse period is required in order
to regulate the temperature of the satellite between the
allowable limits for the one-mode model.

In the first case of the current scenario (scenario
D), the power of the heater can be reduced by 98.2%
in order to regulate the temperature of the satellite
between -20°C (253.15K) and 18.31°C (291.46 K),
or can be reduced by 78.6% in order to regulate the
temperature of the satellite between 0°C (273.15K)
and 18.31°C (291.46K). Similarly, in the second
case of the current scenario (scenario D), the power
of the heater can be reduced by 98.3% in order to
regulate the temperature of the satellite between -
20°C (253.15K) and 11.85°C (285K), or can be
reduced by 89.3% in order to regulate the tempera-
ture of the satellite between 0°C (293.15K) and
11.85°C (285K). In this case, the smart surface will
not entirely open. At this point, it is useful to dictate
that the calculated power is high due to the steady-
state energy balance calculations. The energy balance
equations that have been used take into consideration
the steady-state conditions of the nanosatellite and the
satellite are considered as one-node geometry. The
geometrical characteristics and the internal architec-
ture of the nanosatellite (3D modeling) have not been
considered in this study. Therefore, the thermal con-
duction between the different parts has been elimi-
nated. Usually, this amount of power is not required
due the short eclipse period of the nanosatellite and
the internal insulative materials that are used for the
overcooling protection of the batteries.

Conclusions

A plethora of combinations using the developed smart
surfaces was studied in order to calculate the min-
imum and maximum developed temperature of the
worst cold case. The minimum temperature of the

nanosatellite increased drastically in the worst cold
case, whereas the maximum developed temperature
of the worst hot case remained at the same levels.
Because the smart surfaces are located at the external
areas of the nanosatellite, the temperature of the
entire structure and subsystems will be slightly
deviated during the orbit. The temperature difference
(difference between the worst hot and cold cases) is
decreased, and as a consequence, the thermal fatigue
of the overall structure—particularly the thermal fati-
gue at the joints and adhesives—would decrease dras-
tically. The thermal fatigue of the structural parts, the
electronics, and the solar cells practically will be elimi-
nated. According to the mission and the energy
requirements of the nanosatellite, a smaller battery
may be used for the operation of the electronics in
the eclipse. The reduction of the power of heater
may also have positive impacts on the area of the
solar cells because the batteries will be not charged
for the eclipse phase. Regardless of the fact that the
power of heater can be minimized or eliminated
together with the sensors, cabling, etc., the advantages
of the smart surfaces will be present on the overall
structure and the materials selection. Moreover, we
strongly believe that the transient calculations will
reveal much better results and the calculated power
will be decreased or eliminated. Higher impact is
expected in 2U, 3U, or 6U nanosatellites and micro-
satellites, as well as in nanosatellites with deployable
solar cells, because of the larger external areas.

The fact that we do not use an automatic control
system that reacts in order to control the temperature
of the satellite leads to the conclusion that the calcu-
lations of the behavior of the smart surface must be
very accurate. Moreover, the effective emissivity of
the smart surfaces is a directional-dependent param-
eter and must be integrated in future calculations in
order to acquire more detailed results.

The degradation of the multilayer material due to
UV radiation and the atomic oxygen can be reduced
drastically through the incorporation of an extra very
thin layer of coated aluminum without altering signifi-
cantly the performance of the smart surfaces.
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Appendix

Notation

as (T) solar absorptivity

as,(T) absorptivity of the albedo

ar(T) absorptivity from the Earth

A overall area of each side of the

nanosatellite

AMati area of the solar cells

Anae area of the smart surface or of

a coating with constant
thermo-optical properties

Is
Ty

Tmax
Tmin

O(min, Lmax

AT

AT mnart

€min, €max

€side(T), Osiae(T))
EMatl > AMarl
eman(T), anan(T)

er(T)

er(T)

solar flux

temperature at the middle of
the effective emissivity curve
worst hot case

worst cold case

minimum maximum effective
absorptivity

difference of the minimum cal-
culated temperature of the
worst cold case the maximum
temperature of the worst hot
case

temperature span of the effec-
tive emissivity curve
minimum maximum effective
emissivity

equivalent emissivity absorp-
tivity of each side

emissivity the absorptivity of
solar cells

effective emissivity absorptivity
of the smart surfaces
emissivity of the sides of the
satellite that reject heat into
deep space

IR emissivity of the Earth-
oriented side
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Appendix |

Detailed results from the different design scenarios

Tables 6 and 7 summarize the values of the thermo-
optical properties of the different materials and

the equivalent thermo-optical properties of the sides
of the Cubesat for the design scenario B and design

scenario C.

Table 6. Material properties of the various studied cases; the smart surfaces cover 30% of the each side (sides I, 2, 3, 5, 6) and 100%
of side 4.
Smart materials’ coatings Equivalent properties of the sides
Sides with solar
cells (I, 2, 3, 6) mpty side (4) Bottom side (5)
Internal External —70% Sc+30% — 100% smart —70% Sc+30%
coating®*® coating®®*® smart surface surface smart surface
Solar cells
Black Aluminum Min Max Min Max Max Min
Case |
€ 0.85 0.900 0.080 0.621 0.865 0.088 0.900 0.865 0.621
o 0.92 0.970 0.365 0.755 0.935 0.354 0.970 0.935 0.755
Case 2 Martin black
velvet paint  Silver Min Max Min Max Max Min
€ 0.85 0.940 0.020 0.603 0.874 0.029 0.93 0.874 0.604
o 0.92 0910 0.040 0.658 0917 0.039 091 0917 0.659
Case 3 White (white Aluminum
zinc oxide) polished Min Max Min Max Max Min
€ 0.85 0.930 0.030 0.606 0.874 0.039 0.930 0.874 0.607
o 0.92 0.160 0.090 0.671 0.692 0.087 0.160 0.692 0.671
Table 7. Material properties of the various studied cases; the smart surfaces cover 100% of the each side (sides I, 2, 3, 4, 6).
Smart materials’ coatings Equivalent properties of the sides
100% smart
surface over Empty side (4) Bottom side (5)
Internal External the solar (100% smart (70% Sc+30%
material>**? material’®*  cells (I, 2, 3, 6) surface) Al polished)
Solar cells
Black Aluminum Min Max Min Max Min Max
Case |
0.85 0.900 0.080 0.088 0.773 0.088 0.900 0.865 0.865
o 0.92 0.970 0.365 0.371 0.864 0.371 0.970 0.935 0.935
Case 2 Martin black
velvet paint  Silver Min Max Min Max Min Max
0.85 0.940 0.020 0.028 0.767 0.029 0.930 0.874 0.874
o 0.92 0.910 0.040 0.049 0.832 0.048 0.910 0917 0917
Case 3 White (white Aluminum
zinc oxide) polished Min Max Min Max Min Max
0.85 0.930 0.030 0.038 0.768 0.039 0.930 0.874 0.874
o 0.92 0.160 0.090 0.098 0.837 0.091 0.160 0.692 0.692




