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Abstract: In this paper, to improve the heat dissipation efficiency of a radiator for focal plane
assemblies, a topology optimization method is introduced into the design process. For the realization
of the optimization, an objective of maximal thermal stiffness concerning the radiator is formulated.
The topology optimization is performed under the same mass constraint of 2.05 kg as the initial design.
To improve the manufacturability of topology optimization result, an inverse design is conducted
to reconstruct a new model. In transient thermal simulation, the average maximal temperature
on focal plane assemblies with a reconstructed radiator is 8.626 °C, while the average maximal
temperature with the initial design is 9.793 °C. Compared to the initial design, a decrease of 1.167 °C
on maximal temperature is achieved. As the heat dissipation efficiency of the proposed radiator
design is improved compared to the initial design, it is meaningful in future applications.

Keywords: thermal design; optimization design; radiator; maximal thermal stiffness

1. Introduction

In space remote sensing, CCD(Charge-Coupled Device) and CMOS(Complementary
Metal Oxide Semiconductor) are the most widely applied core photosensitive devices on
space optical payloads due to their high definition and high quantum efficiency imaging,
real-time data transmission and wide spectrum range [1]. These photosensitive components
are quite sensitive to temperature, and excessive temperature fluctuation may worsen
imaging quality by giving rise to dark current and thermal noise. For CCD, according
to the research by Ahmad [2], a dark current would double itself when the temperature
increases from 6 to 9 °C, for CMOS, the range is from 8 to 10 °C by Chen [3]. Generally, for
CCD in space infrared remote sensors, the working temperature range shall be kept from
—70 °Cto —10 °C, and for the visible spectrum, the maximal upper limit can be 35 °C [4].

While in orbit, the thermal environment for remote sensors is serious: solar radiation,
earth infrared radiation, earth albedo and space environment heat and cool the sensor
alternatively. Considerable heat is generated when these power consuming assemblies
are working. Since CCD and CMOS are small in size and of low heat capacity, excessive
temperature fluctuations may easily occur if no reliable thermal control measures are taken.

Unlike ground devices which could dissipate heat through conduction or convec-
tion [5,6], in space, inner heat generation of CCD and CMOS would eventually be diffused
into space through radiation. As a key part of the thermal control system of focal plane
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assemblies, the design of the space radiators is a vital design task. To solve the design
problem, an equivalent thermal resistance method [7-10] is widely used. With the method,
the temperature of CCD assemblies would be determined in advance, then equivalent heat
resistance for each part is evaluated to define the temperature of each part along the heat
transfer path. Based on such estimation, the area of the radiator is evaluated. Finally, the
validation of the design is done through CAE (Computer Aided Engineering) tools [2,7-10].
Although the heat resistance method has proven itself as a reliable tool, the engineering
experience and thermodynamic calculation based classical method is time-consuming and
the performance of the design relies heavily on the designer’s experience. Furthermore,
with complicated constraints, the improvement of heat dissipation efficiency on radiator
design is hard to achieve. As in space observation, CCD and CMOS have strict require-
ments on working temperature, and the design problem is calling for new methods to
improve heat dissipation efficiency.

In recent research concerning the optimization design of space radiators, most works
are focused on large-scale radiators with a honeycomb structure [11-13]. In honeycomb
radiator optimization designs, parameters such as the gap between every two adjacent heat
pipes [13], thickness, or the materials and coating [12] are usually used as the optimization
variations. The topology optimization method is also applied to determine the layout of
heat tubes [11] in some cases. For radiators that work on miniaturized optical devices, due
to strict installation and mass limits, a common solution is to use the outer cover of the
optical device as the radiator [14]. In this case, it is feasible to improve the heat dissipation
efficiency by optimizing material distribution of the outer cover based on the topology
optimization method.

As a promising optimization design method, topology optimization, which is capable
of systematically distributing materials in a certain domain under prescribed constraints,
in recent years has become a popular optimization design method in structural engineering
since its proposal in late 1980s by Bendsee and Kikuchi [15]. Topology optimization is also
effective in solving heat transferring problems, and many of the topology optimization
techniques and methods are introduced and promoted in solving heat transfer optimization
problems. Previous research is mainly focused on conduction and convection problems:
J. Haslinger and A. Hillebrand [16] applied a homogenization method to optimize a heat
conducting structure by controlling the variables represented by coefficients of elliptic
equations; Bendsege [17] and C.Seonho [18] introduced the SIMP [19] (Solid Isotropic
Material with Penalization) method into heat conduction problems; A.Iga [20] summarized
the topology optimization process of the problems concerning thermal conduction and
convection with design-dependent effects; Alexandersen [21] proposed an optimization
with a large scale three-dimensional sink under natural convection; Li [22,23] and Xie [24]
dealt with heat conduction problems with the ESO (Evolutionary Structural Optimization)
method [23].

Concerning optimization design problems with radiation boundary, the research is
quite minimal. For the design of a radiative enclosure, D.A. Castro [25] calculated a design-
dependent view factor between the radiating surfaces and discussed two objectives, aiming
at maximizing the net flux and minimizing the temperature summation. Through topology
optimization, Castro changed the maximal temperature from 845.97 to 800.98 °C. The ra-
diative enclosure is simplified into a two-dimensional plane model, and only radiation is
considered in the optimization. In Fan's research [11], a two step optimization is done to
strengthen the heat dissipation efficiency of a large-scale butterfly wing radiator. The opti-
mization decreases 73.4 °C on maximal temperature under a uniform heat source. In the
first step, the shape of the radiator is selected from many Pareto solutions, the objective rep-
resents a weighted combination of heat dissipation per mass and temperature differences
at boundary points. Then in the second step, the heat tube layout is decided by a topology
optimization only based on mean compliance concerning heat conduction. For the radiator
discussed in this paper, since the material is homogeneous and the heat conduction and
radiation of the radiator are coupled, the objective of the topology optimization should be



Energies 2021, 14, 6252

30f15

able to describe the influences of both conduction and radiation, which is seldom discussed
in previous research.

In this paper, to improve the heat dissipation efficiency of a radiator that works for fo-
cal plane assemblies on a miniaturized space optical device, topology optimization is intro-
duced into the design process. For realization of topology optimization, an objective based
on maximal thermal stiffness concerning radiators is formulated. After reconstructing the
radiator based on the topology optimization result, the final design could be validated
through transient simulation. Simulation results indicate that after topology optimization,
the maximal temperature of CCD assemblies is decreased by 1.167 °C. The reconstructed
radiator design optimized the material distribution under prescribed constraints, which is
meaningful in future applications.

2. Thermal Analysis of the Radiator Design Problem
2.1. Thermal Environment of the Radiator

While in orbit, the thermal environment [26,27] for space radiators is complicated, e.g.,
inner heat generation by CCD components, heat exchange with the space environment.
In the mean time, the radiator may also absorb heat from possible external heat flow, e.g.,
solar radiation, earth radiation, and earth albedo, as shown in Figure 1.

Earth albedo

Qo?b edo

Solar radiation Earth radiation

[0, o
(=< =)
Y y Y
Heat Space
. 0, Radiator ,P
generation £ Environment

Figure 1. Thermal environment of the radiator.

When working in space, a set equations concerning thermal fluxes [26,28] for radiators
can be listed as follows:

Qs = asFKEA

Qe = epFEA

Qatbedo = &sFakaipedo EsA (1)
Qg = L4j4;

Qu = peo(T; — THA

Qi =mC9r

where g; refers to the flux conducted to the radiator by heat pipe, or flexible thermal strap,
and A; refers to the area that each heat flux go through. According to the first law of
thermodynamics, the radiator equation below is satisfied

Qt + Qa = Qg + Quaipedo + Qe + Qs )

2.2. Generalization of the Governing Equations and Boundaries of Radiator Design Problems

In this section, a certain radiator is transformed into a generalized model. As shown
in Figure 2, g1 refers to the heat flux conducted by heat pipe or flexible thermal strap-
on boundary I'y. On Iy, g2 refers to the net flux radiating into the space environment.
For domain (), I is the outer boundary, given by I' = I'1UI'bUT'y;,, and I'y;, refers to the
insulation boundary.
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Figure 2. Generalization of the thermal radiation problem.

Within domain (), for radiator design problems, the governing equation is as follows:

0, oT o, dT o, dT
g(kxg)ﬂL@(ky@)Jrg(kzg) =0 ®)
As what has been depicted in Figure 2, the whole boundary I', which is the total
outer boundary of domain (), is split into different subsets, and for each part, equations
concerning different heat fluxes are as follows:
on l"di,:
qair = 0 (4)
on 1"1:
oT oT oT

q = —(kxgnx—i—ky@ny—kkzgnz) (5)

Q= [[ mas ©
I

where g1 is the prescribed heat flux, ny, ny, n, is the direction cosine between g1 and
coordinate axises x, v, z.

on 1"2:
G2 = asFsEs + e, FoEe + asFakipeqo Es + @enoTa — geyo T 7)
/ thdS = Qs + Qe + Quipedo + Qu (8)
I

3. Formation of the Topology Optimization Model

In this section, a topology optimization model concerning the radiator is explained,
including the SIMP interpolation model and the objective. The work flow of the whole
optimization design process is also illustrated.

3.1. SIMP Model

One key idea of the topology optimization method is the introduction of a certain
fixed design domain () that includes the optimized domain (), and the artificial density
function x below is satisfied within the domain:

[ if (xyz)eq
X(x,y,Z)—{ 0, if (xy,z) e\ ©

where (x,y,z) denotes the position in domain Q).
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With Function (9), the structural design problem is transferred into a problem of
solving material distribution problems incorporated with an interpolated characteristic
function. As this function is highly discontinuous, a smoothing technique is introduced:
the well-known SIMP model [19]. The SIMP model of element thermal conductivity can be
expressed as:

ki = Kipin + X1 (Kig = Kimin), i = %,¥,2 (10)

where kg is the original thermal conductivity of the given material. To avoid singularity
during iterations, the parameter k;,,;, is set as the lower bound of the thermal conductivity.
The variation x; is a continuous variation named artificial density, / represents the number
of the element. Parameter p is a penalty, which forces k; to approach either k;,,;, or k.
The volume integration concerning the density satisfies the following inequality:

e = ,y,2)do < V,0 < ,y,z) < 1. (11)
i /(Z/x(xyZ)v x(x,,2)

Allowing for radiation on boundary of I';, some parameters may also need to be
interpolated as follows:

{ €ni = Ehmin + Xf (ehO - 8hmin) (12)
Ksj = Nspin + le(“so — Kspin)

where ¢€},,,,;,, is the prescribed minimal value of emittance that avoids the singularity during
iterations, ¢}, is the given emittance of surface I'y, &s,,;;, is the prescribed minimal value of
absorptance, and «s is the given absorptance of surface I';.

3.2. Formation of the Optimization Objective

In this section, the objective of maximal thermal stiffness concerning radiators aiming
at maximizing the thermal diffusivity [20] is formed.

An appropriate objective is vital for an optimization design. Since in space obser-
vation, most photosensitive devices work intermittently, a perfect radiator design shall
guarantee that in each working cycle, the temperature fluctuation is kept in a minimal
range. Therefore, a rational description of the problem can be as follows: to find a structure
that has the least temperature rise after transferring a prescribed quantity of heat. In anal-
ogy with maximal structural stiffness [29] in usual mechanical problems, for radiators
under the same constraints and loads, the most effective design should have the maximal
“thermal stiffness”.

Previously for optimization problems concerning conduction and convection, an objec-
tive based on the concept of total potential energy [20], aiming at maximizing the thermal
diffusivity, or in another way maximizing thermal stiffness, is widely applied. As by T. E.
Bruns [30], the boundary of radiation can be calculated as a kind of nonlinear convection,
referring to the idea applied in previous conduction and convection optimization research,
and an objective of maximal thermal stiffness concerning a radiation boundary is formed.

Suppose u as the virtual temperature field, through the principle of virtual tempera-
ture [31] and integration by parts, a weak form of Equation (3) could be put as follows:

rfou, 9T au, 9T ou AT raT aT aT
./h//(axkxax+aykyay+azkzaz)dv4/(kxaxnx+kyayny+kzaznz)udso (13)

Substituting all boundaries in Equations (4), (5), (7) and (13) could be transformed
into the form below:
a(T,u) = L(u) (14)
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where a(T, u) on the left-hand side is given by

aT au aT
a(T, ) /// ayky 5y T 95k 5z 0 (15)

L(u) on the right-hand is given by

{f asFsEs + aoF.Ep + e, F,Eq + ey o T uds + fff quds — ff peT*uds (16)
2 1

Through the variational operation, the objective function of total potential energy,
or in another way the function of maximal thermal stiffness, can be expressed as follows:

G(x) = 5 a(T,T) /T<p8h0T4ds— (T) (17)

where % [[ TgeyoThds in the equation represents the revisional term to the nonlinear
Iz
radiation boundary.

3.3. Finite Element Solution of the Problem

In this section, the FEM (Finite Element Method) is applied to discretize and calculate
the temperature field. Thru FEM, the continuous temperature field T of a certain element
would be transformed into an interpolation model as follows:

T =NT, (18)

where N refers to the shape function, defined as N = [Ny, N, - - - , Ny,], T, refers to nodal
temperature vector, given by T, = [Ty, Tp, - -+, Tn] .

Within domain () and all its boundaries, through the Galerkin method, the governing
equation is Equation (4), and the boundaries are Equations (6) and (8), which can finally be
discretized as a FEM equation below:

KeonT + K,y T = P (19)

where K., T represents the contribution of the conduction within the domain to the FEM
equilibrium, K,,;T refers to the contribution of radiation on I';, and P is the global thermal
load vector, consisting of several different parts: inner heat generation by focal plane
components, possible external radiation load from the solar radiation, earth radiation, and
earth albedo.

3.4. Formation of Mathematical Model

In this section, the mathematical model of the optimization problem is elaborated. By
substituting Equation (19), the problem for maximization of the thermal stiffness under a
certain volume constraint can be formulated as:

Maximize G(x)
G(x) = 3a(T,T) - & ff Toe,ocTids — L(T)

**TTKconT* =T KyaaT
s.t.

f({fxdng

KeonT + Ky pg T = P

(20)
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More often, this problem is transformed into an equivalent function, given by:

Minimize F(x)

F(x) = 3T KeonT + TTK, ;4T

s.t. (21)
[[f xdo <V
(9]

KeonT + K,y T = P

3.5. Optimization Design Work Flow
The flowchart for the whole optimization design is shown in Figure 3:

Part 1:Geometry model and boundaries setup Part 2: Topology optimization

Boundary & Domain Solution of the

Material model
update

i

Variable

s temperature field
model import
KeonT + KT =P

|

|

| Geomelry
| setup FEM
|

I
I
#  Constraints = discretize by ; <
I
I

L A

Objective and constraints L
calculation

GCr)

" " < Sensitvity calculation
Part 3:Inverse modeling and verification © : i,
F(G() + AR onT + Kool = P))

-
I
I
I
|
I
|
I
! update (MMA)
I
I
|
I
I
I
I
I
I

Inverse
modeling,

Figure 3. Work flow of the optimization design.

The total work flow consists of three parts: the geometry model and boundaries
setup, topology optimization, and an inverse design based on the results of the topology
optimization and the verification.

The first part is the geometry model and boundaries setup, including configurations
of the geometry model of the optimization domain, constraints and boundaries. In this
procedure, an equivalent thermal resistance method is used to form an initial design.

In the second part, firstly Equation (19) is solved to obtain the global nodal temperature
vector T. Then, the objective and all other constraints are evaluated and convergence
is checked:

max(x' 1) — max(x")
max(x")

where max (") represents the maximal x; at iteration 7, and ¢, is the convergence tolerance.
In the iterations, updates by MMA (Method of Moving Asymptotes) [32] of each x; and T
are continued until the convergence is met.

Since most topology optimization may have structures of low fabricability, in the
third part, some simplifications are done through an inverse modeling to reconstruct the
radiator. Then, key performance tests of the reconstructed design are conducted. If some
key indicators are not met, the design process would restart from the first part and end
when the reconstructed radiator can meet all requirements.

<ey (22)
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4. Optimization Design of the Radiator

In this section, the radiator design problem is solved by topology optimization, and
both results of initial design by the thermal resistance method and the reconstructed model
are compared.

4.1. Initial Design of the Radiator

The radiator is designed for focal plane assemblies of a space camera. In Figure 4,
the main components of the heat dissipation system of CCD assemblies are revealed.
Along the heat transferring path, total thermal resistance R;,;, consists of the following
parts: Ry, R3, R5 and Ry, each represents the contact thermal resistance between every
two adjacent components. R; refers to equivalent thermal resistance of the gasket, Ry
represents the resistance of the aluminum sink, and R represents the thermal resistance of
the thermal strap.

- A v\/

heat lumin

g . alummmum .

CcCD | conductive = . - thermal strap radiator
heat sink

3 5

Figure 4. Components along the heat transfer path.

In Table 1, parameters of the materials are shown, and silver foil and heat conductive
grease are materials used for the filler.

Table 1. Parameters of the materials

Material C(%‘(i;dl;gt)y Density (kg/m®) CapSalzvietc;f(iJc /(Ill(za.t X))
Aluminum 155 2700 900
Heat conductive gasket 3.5 / /
Silver foil 400 10,530 230
Heat conductive grease 1.5 / /

While operating on orbit, the total power consumption of CCD assemblies is Pjo,y = 16 W,
and the load is conducted to the radiator through fours channels equally. As the permissible
working temperature range for each CCD is 0~25 °C, allowing for some redundancy,
the maximal working temperature is set as Tpre = 20 °C.

Through the equivalent thermal resistance method, the total radiating area is calculated
as below:

Ploaa 2
Aeva = = 0.051m 23
eva SU((Tpre _ AT)4 _ Tu4) ( )
where AT refers to the temperature decrease along the heat transfer path, given by
AT = %, the total resistance Ry, is given by Rypy = R1 + Ra + - - - + Ry.
Allowing for actual installation and motion limits, the back cover in Figure 5 is designed
as the space radiator, and the material of the cover is aluminum. The thickness is set as 0.003 m.
On the radiator, the area each inflow heat flux goes through is 0.012 m? = 0.03 m x 0.04 m.
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Radiating / P N
surface No.1 P P \
N\ N
\ 2
\ g
\\ e ~
Y/
— l\ ~ o

heat flux
inflow surface

heat flux L ——— B—
inflow surface

Radiating
surface No.2

Figure 5. Initial design of the radiator.

Two areas on the radiator, each named No. 1 and No. 2, are assigned to radiate heat into
the space. The view factor is 1 for surface No. 2, and 0.85 for surface No. 1, allowing for the
blockage by surrounding supports. The area is 0.0286 m? for surface No. 1 and 0.0285 m?
for surface No. 2. Both surfaces are coated with KSZ coating, whose emissivity is ¢ = 0.9.
The results of the steady state thermal simulation of the initial design are shown in Table 2.
As 2.05 kg is the weight upper limit of this cover, the weight meets the requirement.

Table 2. Results of steady thermal simulation of the initial design.

Load (W) Maximal Temperature (°C) Minimal Temperature (°C) Weight (kg)
16 18.231 1.645 2.026

In Figure 6, the maximal temperature and the isothermal surface are illustrated.

0.

-1
min: 1.6448 degC

-0.1 - 247

Figure 6. Isothermal surface of initial design under steady thermal state.

4.2. Mesh Configuration

Sharp corners of the cover could result in overdense meshes. Furthermore, compared
to the remaining parts of the cover, these corners are of much smaller volume and superficial
area, which means corners contribute much less to the whole heat transfer process than
the rest of the parts. In this case, to avoid complicated calculation on these dense meshes
in topology optimization, a particular mesh procedure is done. The cover is divided into
two parts, one part as the optimization domain, and the other is the maintenance domain,
only involved in turning heat flow. The mesh for the two respective domains is shown
in Figure 7.
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Lat 01

Optimization domain Maintaining domain

Figure 7. Mesh configuration of the cover.

As shown in Figure 8, allowing for essential thickness to shield the electromagnetic
interference [33], in the optimization domain, the artificial density variables x; of two layers
of elements are prescribed as one.

elements with prescribed

\___density

';{‘, elements which density update
\ with iterations

Figure 8. Optimization domain with different artificial density.

4.3. Topology Optimization Result of Maximal Thermal Stiffness Design

Material distribution of the radiator after topology optimization is shown in Figure 9,
the color stripe represents the temperature for each isothermal surface.

=149
b= 13.48
pi 12.07

10.66

Figure 9. Material distribution of topology optimization result.

In Table 3, the results of the steady state thermal simulation is shown, and compared
to the initial design in Section 4.1, a decrease of 2.63 °C of the maximal temperature on the

radiator is achieved.
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Table 3. Results of the steady state thermal simulation of the radiator after topology optimization.

Load (W) Maximal Temperature (°C) Minimal Temperature (°C) Weight (kg)
16 15.601 1.480 2.048

4.4. Reconstruction of the Radiator

Since topology optimization result has complicated edges, to improve manufacturabil-
ity, an inverse modeling based on the topology optimization result is conducted. As shown
in Figure 10, the complicated zigzag edges of the optimized model are replaced by smooth
curves and straight lines.

Inverese Topology Inverese Topology
modeling optimization modeling optimization
/ I D Inverese Topology

modeling optimization

| ‘ ‘
|
Inverese Topology

modeling optimization Inverese Topology
modeling optimization

DD

The construction follows such principles: (1) Total weight of the reconstructed radiator
must not exceed the weight limit of 2.05 kg. (2) Complicated edges on the radiator need
to be replaced by straight or curve edges, which are of better manufacturability, and
after construction, the area of each surface needs to be kept roughly the same, as shown in
Figure 11.

Figure 10. Simplifications.

- Edges of topology optimization result

© Reconstructed edges o =D

Figure 11. Reconstruction of the complicated edges.

After reconstruction, the same steady state thermal simulation is applied to the recon-
structed radiator. The results are shown in Figure 12.
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Figure 12. Steady thermal simulation of the reconstructed radiator.

As shown in Table 4, the simulation results of the three designs are illustrated, and
compared to topology optimization results, the max temperature on the reconstructed
radiator is 0.033 °C higher. The constructed radiator maintains a decrease of 2.597 °C on
max temperature compared to the initial radiator.

Table 4. Steady state simulation results of the three designs.

Design Max Temperature (°C)  Min Temperature (°C)  Weight (kg)
Initial design 18.231 1.645 2.011
Topology optimization 15.601 1.480 2.048
Reconstructed radiator 15.634 1.489 2.029

4.5. Transient Thermal State Simulation

As CCD assemblies work periodically, the scrutiny of transient thermal performance
of the radiator is also essential.

In transient simulation, both systems with the initial radiator and reconstructed
radiator are tested under the same orbital working conditions: each working cycle contains
a working duration of 1500 s and a shutdown duration of 2100 s. In working durations,
the total power consumption of CCD assemblies is 16WW, and in shutdown durations,
extra active temperature compensation measures are taken to avoid CCD assemblies being
overcooled.

4.6. Results

Figure 13 reveals the transient temperature rising curves of CCD assemblies in five
working cycles.

As shown in Table 5, the average maximal temperature on CCD with the reconstructed
radiator is 8.626 °C, while the temperature is 9.793 °C with the initial design. An average
decrease of 1.167 °C on CCD is achieved with the reconstructed radiator.

Table 5. Maximal temperature of CCD assemblies in working cycles for both systems.

Time (s) 1500 5100 8700 12,300 15,900

Max temperature on CCD with g 7 9.792 9.787 9.787 9.805
initial radiator (°C)

Max temperature on CCD with ¢ 5, 8.627 8.629 8.620 8.619

reconstructed radiator (°C)
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——Temperature Rising Curve of CCD with Initial Radiator
id ~——Temperature Rising Curve of CCD with Reconstructed Radiator

9.80T

8.63T

! 1 1 | 1 ! 1 1
0 2000 4000 6000 8000 10,000 12,000 14,000 16,000 18,000

Figure 13. Temperature rising curves on CCD of both systems.

5. Conclusions

To improve the heat dissipation efficiency of a radiator for CCD assemblies of a
miniaturized space optical device, a topology optimization method is introduced into the
radiator design process. To accomplish the optimization design, a special objective function
is formed, and inverse modeling is applied to improve the manufacturability. Finally, the
transient thermal state simulation validates the design. In the process, the results below
were obtained:

(1) The objective of maximal thermal stiffness formed in this paper could describe influ-
ences of coupled conduction and radiation on the radiator.

(2) Inverse modeling based on the result of topology optimization could improve man-
ufacturability. As the maximal temperature on reconstructed radiator increases by
0.033 °C compared to topology optimization result, the heat dissipation efficiency
improvement by topology optimization could be retained to a great extent after
reconstruction.

(3) The transient simulation results indicate that heat dissipation efficiency is improved
on reconstructed radiator, as an average decrease of 1.167 °C of maximal temperature
on CCD assemblies in working durations is achieved compared to those with initial
radiator. The improvement makes a longer working duration per cycle possible under
the same temperature limits.
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Nomenclature

Qs solar radiation absorption

Qe earth radiation absorption

Quivedo  albedo absorption

Qg external heat flow generated by power-consuming sensors
Qy the energy that radiating into space environment
Qr time dependent energy change within the radiator
Ks solar radiation absorptance

Fs view factor of solar radiation

E; solar constant

Xe earth radiation absorptance

F, view factor of earth radiation

E. earth radiation

F, view factor of albedo

A area of the radiator

kykyk.  isotropical thermal conductivity
Kaibedo earth albedo

@ view factor of the radiating surface to the space
ey hemispherical emittance
o Stefan—Boltzmann constant
r outer surface of the domain
T, ambient temperature
A Lagrange multiplier
O optimization domain
T temperature field on radiator
C specific heat capacity
0 density
m mass of the radiator
t time
number of element nodes
T, element nodal temperature vector
Keoon global heat conduction matrix
K, .4 global thermal radiation matrix
T nodal temperature vector
P global thermal load vector
X artificial density
u virtual temperature
G(x) objective function of max thermal stiffness
F(x) equivalent objective function
Progq thermal load
Tpre prescribed working temperature
Riotal total thermal resistance
[4 penalty
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