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� The thermal protection effects of coating film, heat insulation layer and heat dissipation layer are compared.
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Part of the sunlight energy received by the solar array on the stratospheric airship surface is converted to
electric energy, and considerable energy is transformed into heat, which is bad for the envelope material
and the internal pressure of the airship. It is necessary to develop different methods for the solar array to
reduce its thermal effects on the stratospheric airship. Coating film, heat dissipation structure and heat
insulation structure are developed to reduce the thermal effects. A series of theoretical studies are carried
out to analyze the effects of three layers, especially the heat dissipation structure made up by arrayed
fins, which are verified by the experimental test and CFD simulation. As for the solar array system, the
mutual coordination among output power, thermal protection effect and the structure weight ought to
be considered at the same time in the design of solar array system of the stratospheric airship.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The stratospheric airship (SSA) is a class of Lighter-Than-Air
(LTA) vehicle with application potential in communication, investi-
gation, science exploration and other fields [1–3]. Therefore, study
in the SSA has become the focus in many counties in recent years
[4,5]. However, there is no mature and practical SSA in the engi-
neering at the present stage. The energy system is one of the bot-
tlenecks for the development of the SSA, which directly determines
the long endurance flight performance of the airship [6–9]. The
solar cells array, which is actually a photovoltaic (PV) array, cou-
pling with an energy storage system is an ideal choice for the
energy providing of the SSA [9].

Unfortunately, the conversion efficiency of thin film flexible
solar array is around 10%, which is very low in nowadays [10]. It
means that only a portion of sunlight energy received by the solar
array is converted to electric energy, and considerable energy is
transformed into heat, which puts the SSA a great disadvantage.
The temperature difference between solar cell surface and envelop
surface, where no solar array overcasts, could go up to 60 K in the
daytime [11]. The heat generated by the solar array will increase
the pressure of the helium inside the hull and age the envelope
material underlaid the cells. In addition, the thermal performance
of a stratospheric airship can have a big effect on the output perfor-
mance of the solar array. Therefore, it is necessary to develop dif-
ferent methods for the solar array to reduce its thermal effects
on the SSA.

The methods of reducing thermal effects can be divided into
two types: active method and passive method. The active method
is to reduce the heat generated by the thin film solar cells actively
on the premise of guarantee the output electric power. And the
passive one is to reduce the amount of heat transferred to the air-
ship. As for the reducing of the heat generation, surface modifica-
tion of the solar cell can be developed to restrain the penetration
of the near-infrared spectrum (900–1200 nm) and increasing the
transmittance of the visible light (400–800 nm) at the same time
[12,13]. The methods of antireflection film and infrared cut coating
preparation on the solar cells can be divided into chemical vapor
deposition (CVD), physical vapor deposition (PVD), sol–gel method
and so on. The transmittance of visible light for the solar cells is
increased to more than 90% using different methods by a number
of researchers for the past few years [14–16]. The main methods
to reduce heat transferred from the solar array to the airship
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envelope are heat insulation and heat dissipation, which have been
carried out by many scholars [17–20]. The multilayer insulation
(MLI) structure was carried out as early as 1950s and has been
quite mature application in spacecraft [21]. Different kinds of ther-
mal insulation coatings and materials are used on the surface of
the protected objects, such as polymer sheets, reflective metal
and so on [22–24]. As for the dissipation structure, plate fin heat
sinks (PFHSs) are the most widely used due to their simple struc-
ture and easy manufacturing. Zhou et al. [17] investigated the ther-
mal and hydraulic performance of 20 different plate-pin fin heat
sinks with various shapes of pin cross-sections. Hung et al. [20]
optimized the thermal performance of a micro-duct heat sink with
a sandwich distribution porous medium using the geometric vari-
ables as search parameters. Li et al. [25] developed a thermal anal-
ysis model of composite solar array with complex structure to
characterize the thermal response of the whole solar array system
subjected to space heat flux. The above designs of insulation struc-
tures for other aircraft or space vehicle are referenced in this paper.

Nevertheless, the envelope of the SSA and the solar array on the
surface are both flexible, which requires the thermal protection
structure is also flexible. Sun et al. [10] developed a MLI material
and proposed a thermal heat transfer model of flexible thin-film
solar cell and MLI to study the heat insulation effects. Li et al.
[26] investigated thermal insulation performance of three types
of lightweight insulation substrate (LIS) subject to low ambient
temperature and high solar irradiation flux conditions representa-
tive of stratospheric thermal environment for solar arrays on an
airship. Li et al. [27] explored the effects of an insulation material
installed between the photovoltaic array and the airship hull. They
found that the insulation material may reduce the superheat of the
airship hull and diurnal temperature variation of buoyancy gas, but
the output of the array will decrease. The design of thermal protec-
tion structure of the solar array is not only to achieve the purpose
of insulation, but also to minimize the mass of the structure.
What’s more, the most important premise is to guarantee the out-
put electric power of the solar array for the SSA.

In this paper, a multilayer thermal protection (MLTP) structure
including active method and passive method for solar array on the
SSA is developed firstly. Theoretical models are carried out to
investigate the thermal protection effects of the MLTP structure.
The comparison tests and simulations using the FLUENT software
of the thermal protection effects for the MLTP structure are con-
ducted to verify the theory in the next. The thermal protection
effects of coating film, heat dissipation layer and heat insulation
layer are discussed respectively for contrastive analysis. A compre-
hensive analysis of the thermal protection structure is introduced
to evaluate the overall performances of output power of the solar
array, the weight of MLTP structure and its thermal protection
effects.
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Fig. 2. Transmittance curve along with the change of wavelength.
2. The thermal protection structure of the solar array for the
SSA

The MLTP structure of the solar array for the SSA studied in this
paper is shown in Fig. 1, which including antireflection film, infra-
Solar array

Thermal 
insulating layer

Thermal 
dissipation  layer

Fig. 1. The MLTP structure of t
red cut coating, thermal insulation and dissipation layers. The
antireflection film on the surface of solar array is used to increase
photoelectric conversion efficiency by increasing transmittance of
the visible light. The infrared cut coating is applied to reduce the
transmittance of near-infrared light. In the design of the integrated
film system for the solar array, SiO2 and Ta2O5 are used for antire-
flection and cut-off, and the areal density is 5 g/m2. The spectral
response curve of the film system tested in this paper is shown
in Fig. 2. It can be seen from the figure that the average transmis-
sivity of the visible wavelengths (400–800 nm) is almost 95% and
the reflectivity of near-infrared wavelengths (900–1200 nm) is
close to 69%.

The heat dissipation layer of the MLTP is composed of air ducts,
which are made of a series of arranged fins. The direction of the air
duct is consistent with the flight direction of the SSA, so that the
heat can be taken away by the airstream through the interspace
between fins in the process of relative motion. As shown in
Fig. 3, three kinds of fins are selected for comparison in this paper,
which are long strip fin, zigzag fin and cylindrical fin. On account of
the flexibility and lightweight demand for the MLTP structure,
NOMEX paper honeycomb is manufactured to the fins. The heat
insulation layer has the same requirement which is made of a cer-
tain thickness of paper honeycomb.
3. Thermal protection performance analysis

3.1. Theoretical analysis

The exploded view of the solar array with the MLTP structure is
shown in Fig. 4, which can be divided two parts. The first part is the
solar array with the optical film system. A majority of solar flux is
absorbed by the solar cells, especially after coating the antireflec-
tion film. A part of the solar flux absorbed by solar cell is converted
into heat energy to radiate to the external environment and trans-
mit to the second part [26]. The second part of the structure is
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Infrared cut coating

Airship envelope

Supporting layer

he solar array for the SSA.
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Fig. 3. Three kinds of fins of the heat insulation structure.
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Fig. 4. The exploded view and heat transfer process of the solar array with the MLTP structure.
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composed of thermal insulation and dissipation layers. After the
second part, only a small part of the heat is transmitted to the air-
ship envelope.

The heat transfer process of the system is also shown in Fig. 4.
The energy equation of each layer can be received by the law of
conservation of energy, which is as follows.

m1 � c1 � @T1

@s
¼ Qin � Qrad;atm � Qconv;atm � Qpower � Q1;2 ð1Þ

m2c2
@T2

@s
¼ Q1;2 � Q2;3 ð2Þ

m3c3
@T3

@s
¼ Q2;3 � Q3;env ð3Þ

menvcenv
@Tenv

@s
¼ Q3;env � Qrad;He � Qconv ;He ð4Þ

where mi is the mass of the ith layer, ci is the specific heat of the ith
layer, and Ti is the temperature the ith layer. The subscript env is
the abbreviation of the airship envelope. As for each layer of the
MLTP structure,

Qi;iþ1 ¼ AðTi � Tiþ1Þ=ðdi=ki þ diþ1=kiþ1Þ ð5Þ
Q3;env ¼ AðT3 � TenvÞ=ðd3=k3 þ denv=kenvÞ ð6Þ
where A is the surface area of solar array, di and ki are thickness and
thermal conductivity of each layer, respectively.

If the MLTP structure of layer 2 and 3 can be taken as a whole,
the Eqs. (2) and (3) can be merged into one equation,

m23 � c23 � @

@s

Z d

0
T 0
23ðxÞdx

 !
¼ Q1;2 � Q3;env ð7Þ

The temperature gradient is considered and the temperature of this
structure T23ðxÞ can be calculated as follows [26,28].

k23ðT23ðxÞÞ � d
2ðT23ðxÞÞ

dx2
¼ dqxðxÞ

dx

T23ð0Þ ¼ T1

T23ðdÞ ¼ Tenv

ð8Þ
where qxðxÞ ¼ Q1;23

��
s¼si �m23ðxÞ � c23 � @

@s

R x
0 T 0

23ðxÞdx
� �

is the heat

flux [29].
Qin is the incident solar radiation energy on the solar array with

coating film, including direct solar radiation, atmospheric scatter-
ing radiation, earth albedo radiation, earth infrared radiation, and
so on [30,31].

The infrared radiation heat loss on the surface of thin film solar
cell is given by [32]

Qrad;atm ¼ e1 � A � r � ðT4
1 � T4

airÞ ð9Þ
where e1 is the emissivity of flexible thin-film solar cell with the
antireflection coating; r is the constant of Stefan-Boltzmann,
r ¼ 5:67� 10�8W=ðm2 � K4Þ; Tair is the sky equivalent temperature,
K.

The convective heat loss can be described by [32]

Qconv;atm ¼ A � h � ðT1 � TairÞ ð10Þ
where h is the convection heat transfer coefficient, which can be
calculated as follows.

h ¼ Nukair
L

ð11Þ

where L is the characteristic length of the solar array, m; kair is the
thermal conductivity of the air,

kair ¼ 0:0241
Tm

273:15

� �0:9

ð12Þ

Tm ¼ 0:5� ðT1 þ TsÞ is the characteristic temperature; and Nu is the
Nusselt number,

Nu ¼ 0:54 � ðGr � PrÞ1=4 2� 104 6 Gr � Pr 6 8� 106

0:15 � ðGr � PrÞ1=3 8� 106 6 Gr � Pr 6 1� 1011

(
ð13Þ

where Pr ¼ 0:804� 3:25� 10�4 � Tm is the Prandtl number;

Gr ¼ g � a � DT1s � L3
� �

=h2 is the Grashof number, in which g is the

acceleration of gravity, a is the coefficient of cubic expansion, and
h is the kinematic viscosity of air.
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The thermal environment of the SSA is shown in Fig. 3. As
shown in the figure, the energy delivered to the lifting gas through
convection and infrared radiation can be described as follows,
respectively [26,33,34].

Qrad;He ¼ A � r � eint � T4
env � T4

He

� �
þ eHe � T4

air � T4
He

� �� �
ð14Þ

eHe ¼ CHe � e0He ð15Þ

Qconv;He ¼ A � hHe � Tenv � THeð Þ ð16Þ
The defines of the above parameters are delivered in Ref. [26].

The output power of the solar array Qpower is determined by the
incident solar radiation on the array and the performance charac-
teristics of the array[35], which can be described as follows [36].

Qpower ¼ A � ðIs=I0Þ � P0 � 1� a1 � ðT1 � T1;0Þ½ � ð17Þ
where Is is the solar irradiance on the solar array plane at time s, I0
is the reference irradiance [37], P0 is power output, per square
meter, of the solar array at I0. a1 is the power-temperature coeffi-
cient. T1;0 is the reference temperature of solar cell. Considering
thermal effects, the conversion efficiency changes with the growing
temperature [7].If the MLTP structure can be seen a whole, Q1;2 and
Q3;env can be received from Eqs. (5) and (6). The equivalent thermal
conductivity of the MLTP structure can be given

kMLTP ¼ ðd2 þ d3Þ
hHC þ hairð Þ � A ð18Þ

where hHC and hair are the thermal resistance of honeycomb and air
for the MLTP structure, respectively.

The theoretical calculation is carried out using Matlab based on
the given material parameters. The temperatures of each layer can
be received by solving Eqs. (1), (7) and (4). The temperature differ-
ence between solar array and envelope material is the research
emphasis.

3.2. Experimental approach

An experimental test is carried out to verify the thermal protec-
tion effect of the MLTP, as well as to calculate the thermal conduc-
tivity of flexible thin-film solar cell and Nomex honeycomb
accurately [10,26]. The test sample studied in this paper is com-
posed of solar cells, MLTP structure and the envelope material,
which is shown in Fig. 5. Among them, solar cells with and without
coating film are tested respectively, and the MLTP structure
includes heat dissipation structure and heat insulation structure.
Six thermocouples are used to detect temperature of the upper
and lower surfaces of the solar array system.

The dimensions of environmental cabin are D � L = 1.8 m �
3.5 m. Two pieces of test samples can be put in the environmental
cabin at a time, and their dimensions are 0.24 m � 0.22 m. The
environmental temperature is set as 216 K and the pressure is
3 KPa in the environmental cabin in the whole test process. The
solar radiation simulated by the solar simulator irradiates on upper
surface of the samples in the flux range of 300–1260W/m2 [26].
And solar radiation of 891W/m2 and 1260W/m2 are the research
emphasis, which are the average and maximum value in the
stratosphere. Temperature data are recorded by temperature
inspection instrument every five minutes until temperature
change <1 �C/10 min.

3.3. Simulation analysis

The simulation using the FLUENT software is carried out to
study the thermal protection effects of the MLTP structure and
compare the heat dissipation effects of three different air ducts.
The standard turbulence model is used in the simulation. The basic
governing equations are employed are shown as follows.

The continuity equation is

@

@xi
ðquiÞ ¼ 0 ð19Þ

The momentum equation is

@ðquiujÞ
@xj

¼ � @p
@xi

þ @

@xj
l @ui

@xj
� quiuj

� �
ð20Þ

The energy equation is

@ðquiujÞ
@xj

¼ � @p
@xi

þ @p
@xj

l
@ui

@xj
� quiuj

� �
ð21Þ

The turbulent kinetic energy (TKE) equation is

q
dk
dt

¼ @

@xi
akl

@k
@xi

	 

þ Gk þ Gb � qe� YM ð22Þ

The model with non-uniformity grids is carried out to increase
the computational efficiency and improve the accuracy. Because
speed and temperature in the air duct change sharply, the mesh
in this block is quite tense. The entrance is set as velocity boundary
condition and the type, velocity and temperature of the inlet fluid
should be set. The governing equations are discretized by control
volume integration method. The influence of turbulence on perfor-
mance of flow and heat transfer is considered in k-e two-equation
model. Implicit solution by variable separation method is devel-
oped to ensure the stability of convergence. The coupling equations
of pressure and velocities were solved with the SIMPLE algorithm.

The parameters of airflow is set according to the stratospheric
environment. The temperature is 217 K, density is 0.088 kg/m3,
viscosity is 1.42 � 10�5 kg/m s, thermal conductivity is 2.035 �
10�5 W/m K, specific heat capacity is 1.013 � 103 J/kg K, and the
material of the fin is NOMEX paper honeycomb.
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4. Results and discussion

4.1. Comparison of theory, experiment and simulation

The theoretical results of the envelope material temperature
with and without the thermal protection structure are shown in
Fig. 6. As shown in the figure, the maximum temperature of the
envelope without protection can reach 338.12 K, which is much
higher than ones with thermal protection. And that is to say the
thermal protection structure can decrease the envelope material
temperature distinctly, which can relieve the superthermal and
overpressure problems of the airship. In addition, the temperature
with mixed protection structure (d2 = 3, d3 = 5) is the lowest, which
is Tenv = 287.10 K. And the thermal protection effect of the heat
insulation layer (d2 = 0, d3 = 8, Tenv = 295.36 K) is better than the
heat dissipation layer (d2 = 8, d3 = 0, Tenv = 301.13 K).

In order to verify the accuracy of the theory and simulation, the
comparison among the results of the theory, experiment and sim-
ulation is carried out for the MLTP structure. The relationship of
the temperature difference and the solar radiation flux is shown
in Fig. 7. As shown in the figure, the results from theoretical calcu-
lation and the simulation have good agreement with experiment,
in spite that the simulation results are slightly bigger with devia-
tions of about 6%. In particular, there is low accuracy in the low
solar radiation for the experimental results. The possible reason
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400 600 800 1000 1200

15

20

25

30

35

40

45

50

55
Insulation-Simulation 
Dissipation-Simulation 
Mixed-Simulation

Insulation-Experiment 
Dissipation-Experiment
Mixed-Experiment 

Te
m

pe
ra

tu
re

 d
iff

er
en

ce
 (K

)

Solar radiation flux (W/m2)

Insulation-Theory
Dissipation-Theory
Mixed-Theory

Fig. 7. Relationship of the temperature difference and the solar radiation flux.
is that infrared radiation of the earth and clouds is considered in
the theoretical model, while the environmental chamber in the test
just can simulate solar radiation. The fitness of the model increases
with the increase of solar radiation flux, because the infrared radi-
ation is a small amount relative to the solar radiation.

The simulation result of the temperature distribution for the
MLTP structure in solar radiation flux of 1260W/m2 is shown in
Fig. 8. As shown in Fig. 6, the initial temperature of the envelope
material is set as 338.12 K, which can be reduced to 286 K, and
similar with 287.10 K received by the theoretical calculation.

4.2. Thermal protection performance analysis

4.2.1. The coating film performance
The surface treatment of solar array is coating visible antireflec-

tive film and infrared cut-off film. The antireflective film is used to
increase the visible transmittance (VT) by reducing its reflection
and the infrared cut-off film is used to increase the infrared reflec-
tivity (IR) to reduce the generation of heat. Figs. 9 and 10 shows the
effects of IR and VT on the temperature difference and output
power. As shown in Fig. 9, the temperature difference and output
power increase gradually with the increase of IR from 0.2 to 0.95.
Furthermore, the influence of IR on the output power is not signif-
icant in the low solar radiation flux. Similarly, the temperature dif-
ference and output power also increase with the increase of VT
from 0.8 to 0.95. It is the thermal effect that affect the output
power for the change of IR, but the photoelectric conversion effi-
ciency for the change of VT.

4.2.2. Heat dissipation effects
To compare three kinds of air ducts, heat transfer amount, heat

transfer coefficient, Nusselt number, TKE and pressure drop are
chosen for the comparison in different air speeds. The analysis
results are shown in Tables 1–3. As shown in the tables, five
parameters studied increase with the increase of the air speed
for the same air duct. The results of different ducts show that the
heat transfer amount of long strip duct is maximum and the cylin-
drical duct is minimum. The possible reason is that the heat trans-
fer amount is related to the air flow through duct in per unit time,
and the cylindrical duct is array structure, which is bad for stream
guidance. The cylindrical duct owns the maximum values for three
parameters i.e. heat transfer coefficient, Nusselt number and the
TKE, and the zigzag duct is the minimum one. As for the pressure
drop, the long strip duct is almost as same as the zigzag duct,
which is larger than the cylindrical duct. Although the wall of
cylindrical duct is incontinuous, the secondary divided flow makes
three parameters increase.

To further illustrate the comprehensive performance of the air
ducts, heat transfer factor j and friction factor f are introduced,
which are shown as follows.

j ¼ Nu

RePr1=3
ð23Þ

f ¼ 2DpD
lqv2 ð24Þ

where D is width of the duct, l is length of the duct, q and v are den-
sity and speed of the fluid, respectively.

It can be seen from Fig. 11 that the heat transfer factor and fric-
tion factor both decrease with the increase of air speed. The heat
transfer factors of cylindrical air duct in different temperatures
are greatest and the long strip air duct takes second place. While
as for the friction factor, the relationship of three kinds of ducts
is opposite. Comprehensive analysis of the heat transfer factor
and friction factor, the cylindrical air duct has a better perfor-
mance. The simulation results for three ducts are shown in



Fig. 8. Temperature distribution of the MLTP structure.
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Table 1
The heat insulation performance of the long strip air duct in different air speeds.

Air speed (m/s) Heat transfer amount (W) Heat transfer coefficient (W/m2-k) Nusselt number Nu TKE K (m2/s2) Pressure drop 4P (Pa)

5 79.47 2.27 134.06 0.17 319.37
10 87.57 3.13 194.79 0.57 322.54
15 93.89 4.041 259.41 1.149 327.25
20 98.19 4.88 320.25 1.918 333.39
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Table 2
The heat insulation performance of the zigzag air duct in different air speeds.

Air speed (m/s) Heat transfer amount (W) Heat transfer coefficient (W/m2-k) Nusselt number Nu TKE K(m2/s2) Pressure drop 4P (Pa)

5 67.57 1.77 107.41 0.11 319.32
10 73.11 2.34 147.38 0.34 322.50
15 76.99 2.96 192.14 0.68 327.25
20 79.56 3.54 234.46 1.11 333.44

Table 3
The heat insulation performance of the cylindrical air duct in different air speeds.

Air speed (m/s) Heat transfer amount (W) Heat transfer coefficient (W/m2-k) Nusselt number Nu TKE K(m2/s2) Pressure drop 4P (Pa)

5 9.02 3.71 245.78 0.33 0.51
10 9.42 5.25 358.82 1.30 3.34
15 9.88 6.89 479.09 2.84 6.83
20 10.22 8.45 593.93 4.94 11.44
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Fig. 11. (a) Heat transfer factor and (b) friction factor in different air speeds.

Fig. 12. The temperature distributions of (a) long strip duct, (b) zigzag duct and (c) cylindrical duct.
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Fig. 12. As shown in the figure, the secondary divided flow is obvi-
ous and the temperature in bottom of the MLTP is the lowest one.
However, the noncontinuity of the cylindrical duct makes it diffi-
cult to manufacture, because fins of the air ducts are made of paper
honeycomb, which increases the production cost greatly. The long
strip air duct is used for future analysis in this paper.
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4.2.3. Heat insulation effects
Fig. 13 shows the thermal protection effect of the insulation

structure with different thickness. As shown in the figure, the ther-
mal protection effect of 3 mm insulation structure is not very ideal
and the variation curve is relatively flat, which means the temper-
ature difference has little change with the variation of solar radia-
tion. When the thickness of insulation structure reaches to 8 mm,
the thermal protection effect is relatively obvious.
4.2.4. Comprehensive performance of the thermal protection structure
The solar cells produce a lot of heat in the process of photoelec-

tric conversion, which is bad for solar cells themselves and the
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Fig. 13. Thermal protection effect of the insulation structure with different
thickness.

Table 4
Comparison of different thermal protection methods.

Thermal protection method Areal density (g/m2)

Coating film 5
Insulation layer 346
Dissipation layer 263
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Fig. 14. Comprehensive performan
envelope material of the SSA. Because the thermal protection per-
formance and lightweight are both requirement for the MLTP
structure, a specific temperature difference is defined to indicate
the temperature reduced by the MLTP structure and its areal
density.

n ¼ T1 � Tenv

qMLTP
ð25Þ

The comparison of specific temperature difference among different
thermal protection methods is shown in Table 4. As shown in the
table, although the temperature difference of insulation layer is big-
ger than the dissipation layer, its areal density is bigger too. So the
specific temperature difference of the insulation layer is almost
equal to the dissipation layer. Coating film on the surface of the
solar array is a method to improve absorptivity of the visible light
and reflectivity of infrared light. As a result, the photoelectric con-
version efficiency of solar cells increase, and their temperature
decrease at the same time. Although the heat insulation effect of
coating film is little, on the premise of making comprehensive con-
sideration for output power, the heat protection effect and the
structure weight, it is still an available method, because the specific
temperature difference of the coating film is significant.

It is necessary to take the output power of the solar array into
account to consider the comprehensive performance of the MLTP
structure. Several parameters concerned in this paper are pre-
sented in Fig. 14, including the temperature of solar array, specific
temperature difference, output power with and without consider-
ing temperature effect.

As shown in the figure, the temperatures of solar array vary
nonlinearly with solar radiation flux irradiating on the sample,
with gradually slow increasing rate. However, tendency of the
specific temperature difference with solar radiation flux is
Temperature difference (K) Specific temperature
difference (K/(g/m2))

891 1260 891 1260

11.32 15.56 2.26 3.11
35.90 43.07 0.10 0.14
27.65 33.82 0.11 0.13

800 1000 1200 1400

rence (K /(g/m2))
(K)

 temperature effect (W)

flux (W/m2)

0

20

40

60

80

100

120

0

20

40

60

80

100

120

ce of the solar array system.



810 J. Meng et al. / Applied Thermal Engineering 111 (2017) 802–810
approximately linear. It is found that significant difference exits
between two kinds of output power with and without considering
the temperature effect. Compared with output power without con-
sidering the temperature effect, the output power increases rapidly
and decreases gradually with increasing of solar radiation flux
when the temperature effect is considered. It can be inferred that
the output power is still unable to growth even if the solar radia-
tion flux increases after a certain level of growth, which suggests
that the need for further optimization of the MLPT structure.
5. Conclusions

(1) In order to explore the thermal protection effects of the
MLTP structure, theoretical study, experimental investiga-
tion and simulation analysis are carried out in this paper.
By contrasting theoretical calculation and test data, calculat-
ing method is validated for the use of equivalent conductiv-
ity. The coating film, heating dissipation and insulation
layers are investigated, respectively. In addition, the specific
temperature difference is defined as the ratio of the temper-
ature difference between the top and bottom of the MLTP
structure and the areal density of the solar array system
with the MLTP structure.

(2) It is found that the IR affects the output power by altering
the thermal absorption of solar array, but by altering the
photoelectric conversion efficiency for the VT. The cylindri-
cal duct has good heat dissipation performance because of
the secondary divided flow. But the poor manufacturability
and high cost of the uncontinuous paper honeycomb limit
its practical application. The thermal protection effect of
the insulation layer increases with the increasing of its
thickness, which is better than the heat dissipation layer.

(3) The mutual coordination among output power, heat insula-
tion effect and the structure weight ought to be considered
at the same time in the design of solar array system of the
SSA. To a certain extent, the coating film can improve the
output power, but it is not obvious to reduce the heat
absorption. Because the weight increasing caused by the
coating film almost can be ignored, it is an alternative
method. Multi-layer structure composed by heat insulation
layer and heat dissipation layer can effectively reduce the
heat transmission to envelope material from solar array.
The structure and geometry size should be optimized to
receive the best specific temperature difference in the
future.
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