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Solar energy is the ideal power choice for high-altitude long-endurance airships. Photovoltaic array and its

operation is one of the most critical aspects to the stratospheric airship’s design and capabilities, but the research on

thermal characteristics of photovoltaic array for the airship’s design is rare. This paper develops the thermodynamic

models of photovoltaic array and airship, based on which the three-dimensional temperature profile and output

power of photovoltaic array are presented, the effects of the latitude, time of the year, wind speed, and insulation on

the power output of the photovoltaic array are investigated, and the effects of photovoltaic array on thermal

characteristics of the airship are explored. The results indicate that the latitude, time of the year, wind speed, and

insulation affect the quantity and distribution of output power of photovoltaic array, and that the photovoltaic array

can aggravate the superheat or supercool of the airship, so that the airship’s hull requires higher intensity,

expandability, and ductibility.

Nomenclature

A = area, m2

a = photovoltaic array absorptivity, visible sunlight
c = special heat, J=kg � K
cv = specific heat capacity at constant volume, J=kg � K
D = the characteristic length, m
d = thickness, m
G = incident radiation, W=m2

Gr = Grashof number
h = convective heat transfer coefficient, W=�m2 � K�
I = incident solar flux absorbed, W=m2

I0 = reference solar flux, I0 � 1367 W=m2

IDN = solar irradiance flux at the altitude, W=m2

Idh = diffuse irradiation flux on a horizontal plane on clear
day,W=m2

J = radiosity,W=m2

k = thermal conductivity, W=�m � K�
m = mass, kg
n = normal vector
Pc = power output per square meter of the photovoltaic

array,W=m2

Pr = Prandtl number
Qcond = conductive heat loss to the airship hull, W
Qconv = convective heat loss, W
Qd = diffuse irradiation energy absorbed from the sky, W
QDN = direct solar radiation energy absorbed, W
Qg = reflected solar radiation energy absorbed from the

Earth, W
Qpow = power output of the photovoltaic array, W
Qr = infrared radiation heat loss to the Earth and sky, W
Qrg = infrared radiation heat loss to the Earth, W
Qrs = infrared radiation heat loss to the sky, W

Qrin = radiative heat transfer between a grid and the other
parts of the interior surface of the hull, W

Qsun1
= solar radiation energy absorbed by the first layer of the

photovoltaic array, W
Qsun2

= solar radiation energy absorbed by the second layer of
the photovoltaic array, W

Qi;j = conductive heat transfer between the layers i and
i� 1 of photovoltaic array, W

Q3;hull = conductive heat transfer between the third layer of
photovoltaic array and airship hull, W

Re = Reynolds number
T = temperature, K
Tref = photovoltaic array reference temperature, K
Ts = sky effective temperature, K
�p = power-temperature coefficient, 4:5%=K
� = angle between normal vector of the plane and the unit

vector of direct solar radiance, radians
" = photovoltaic array infrared reflectivity
� = tilt angle of the plane, radian
� = Stefan–Boltzmann constant, 5:67E � 8 W=�m2 � K4�
� = time, s
’ = view factor to the Earth
� = view factor to the sky
�i;j = angle factor of the grid i to j
 = solar azimuth, radian
! = solar elevation, radian

Subscripts

a = ambient
air = air
free = free convection
forced = forced convection
g = Earth
He = helium gas
h = airship hull
i = grid i
in = inside of the airship
k = grid k
out = outside of the airship
p = photovoltaic array
1, 2, 3 = first, second, and third layer, respectively

I. Introduction

A S A high-altitude platform, the stratospheric airship has a great
range of performance capability available to be exploited. The
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main benefits of airship are extended durations, low cost, and
recycling. Currently, United States, Japan, and South Korea are the
major countries to develop stratospheric airships [1–9]. To operate at
high altitudes for extended durations requires a renewable based
power system. Low-altitude airships are fuelled by aviation gasoline,
high-quality light diesel oil, or aviation kerosene. When fuels burn,
thermal energy is converted to mechanical work to power the airship.
However, this type of power systems is not adapted for stratospheric
airships due to low-density air in the stratosphere and extended
durations. Solar energy is the ideal choice for providing power to
high-altitude long-endurance airships, and this type of power system
is a photovoltaic (PV) array coupled to an energy storage system [4].
During daytime, the PV array converts solar energy into electrical
energy by photoelectric and photochemical effects. During night, the
energy storage system provides power to the airship.

The PV array is an important component in the airship power
system. The efficiency, mass, surface shape, and position of the PV
array influence the airship performance, while latitude, time, airship
orientation, airship attitude, airship size, and geometry affect the PV
array performance. Therefore, the PV array and its operation are
critical to the airship design and capabilities. Besides, the PV array
has effects on the temperature profile of the airship hull, the
“superheat” or “supercool” of airship, the gas temperature, the air-
ship buoyancy force, the thermal stress of the hull, as well as the
airship reliability and lifetime.

In the past decade, many investigations have been carried out on
the energy system of the high-altitude platform. Aglietti et al. [10,11]
calculated the irradiance in the medium/high troposphere and
examined the collection of solar energy using a high-altitude
aerostatic platform. Choi et al. [12,13] developed a new concept of
high-altitude airship (HAA) configuration that uses PV cells or
advanced thermoelectric converters. Naito et al. [14] proposed the
design and analysis of solar power system for stratospheric platform
airship operations. Harada et al. [9] conducted the experiments on
thermal characteristics of a 35 meter-long low-altitude airship
equipped with PVarray, which was developed as a flying test bed for
the development of the stratospheric platform power system con-
sisting of solar cells and regenerative fuel cells. Wang et al. [15],
Zheng et al. [16], andShi et al. [17] studied the solar power and power
output of the solar cells on the condition that the conversion effi-
ciency of the solar cells is constant. These researches provide a base
for airship energy systems. However, PV array thermoelectric pro-
perties and its influence on the airship are rarely investigated.

This work develops the thermodynamic models of PVarrays and
airships, based on which the numerical simulation is conducted to
show 3-D solar radiation and temperature distribution of the array, to
investigate the thermal performance of the PV array and to analyze
the effects of the latitude, time of the year, wind speed, and insulation
on the power output of the PVarray and the effect of the PVarray on
thermal characteristics of an airship.

II. Thermodynamic Model of the Photovoltaic
Array of Airships

Thermal environment of the PV array includes solar radiation,
infrared radiation from the sky, reflected solar radiation from the

Earth, convective heat transfer, and conductive heat transfer between
the array and the airship hull. Figure 1 shows schematically the heat
transfer of a PVarray.

The curved surface of the PVarray, which conforms to the airship
surface curvature, receives nonuniform solar radiation. A PV array
may be divided into n triangular grids, and each grid can be seen
as a tilted plane. The heat-balance equation of the grid i may be
expressed as

mp;icp
dTp;i
d�
�Qsun;i �Qconv;i �Qr;i �Qpow;i �Qcond;i (1)

A. Direct Solar Radiation

The relative position of a grid to the solar radiation is shown in
Fig. 2. Assume that the unit vector of direct solar irradiance E is
�ex; ey; ez�, where ex � cos! � sin , ey � cos! � cos , ez�
� sin�!�. The sun elevation and azimuth are defined as

!� arcsin�sin� � sin �� cos� � cos � � cos$� (2)

 � arcsin�sin$ � cos �= cos!� (3)

The �x; y; z� coordinates of the three vertexes of the grid i are
P1�x1; y1; z1�, P2�x2; y2; z2� and P3�x3; y3; z3�, respectively. The
normal vector n�nx; ny; nz� of the grid i is given by

n � P1P3 � P1P2 �

������
i j k

x3 � x1 y3 � y1 z3 � z1
x2 � x1 y2 � y1 z2 � z1

������ (4)

The tilt angle of the grid i is given by

�i � �=2� arcsin

 
nz����������������
n2x � n2y

q
!

(5)

If the grid i faces upward (nz > 0), �i 2 ��=2; ��. Otherwise,
�i 2 �0; �=2�.

The angle between E and n is given by

�i �
E � n

jnj �
1����������������������������

n2x � n2y � n2z
q

������
i j k
ex ey ez
nx ny nz

������ (6)

where �i > �=2 means that the grid i can absorb the solar radiation
energy. Otherwise, the grid can not.

B. Absorbed Solar Radiation

The incident solar radiation on the array includes the direct solar
radiation, infrared radiation from the sky and reflected solar radiation
from the Earth. The absorbed direct solar radiation energy is given by

QDN;i � �Ap;iIDN sin! � cos�� � �i� (7)

The absorbed infrared solar radiation energy from the sky is given by

Qd;i � �Ap;iIdh�1� cos �i�=2 (8)

Fig. 1 Schematic diagram of heat transfer of a PV array. Fig. 2 Direct Solar Radiation Model.
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The absorbed reflected solar radiation energy from Earth is given by

Qg;i � �Ap;i�IDN sin!� Idh� � �1 � cos �i�=2 (9)

Summarizing the Eqs. (7–9), the absorbed solar radiation can be
expressed as

Qsun;i �QDN;i �Qd;i �Qg;i (10)

C. Infrared Radiation Heat Loss

The infrared radiation heat loss of gird i is given by

Qr;i � "Ap;i���T4
p;i � T4

s ��i � �T4
p;i � T4

g�’i	 (11)

where the first term on the right hand is the heat loss to the sky and the
second to the Earth.

D. Convection Heat Loss

The array surface is exposed to ambient air. Convection of wind
over the array can be free or forced. The convection heat loss is given
by

Qconv;i � Ap;ihout�Tp;i � Ta� (12)

where the convection heat transfer coefficient in the present study is
given by Rapert [18]. For free convection heat transfer:

hfree �
kair
D

�
0:6� 0:387 �

�
GrairPrair

�1� �0:559=Prair�9=16	16=9
�
1=6
�
2

(13)

and for force convection between the array and ambient air

hforced �
kair
D
ReairPrair�0:2275=�lgReair�2:584 � 850=Reair	 (14)

E. Conductive Heat Loss

The array conforms to the airship surface curvature. If there is no
insulation between the array and the airship hull, the remarkable
conductive heat transfer to the airship hull from the array exists. The
conductive heat loss is given by

Qcond;i � Ap;i�Tp;i � Th�=�dp=kp � dh=kh� (15)

F. Power Output of the PV Array

The power output of the PV array is determined by the incident
solar radiation on the array and the performance characteristics and
the geometry of the array. Assuming that the output depends linearly
on the incident solar radiation and decreases with temperature, the
output of the grid i can be expressed as [19]

Qpow;i � Ap;i�Ii=I0�Pc�1 � �p�Tp;i � Tref�	 (16)

G. Structure Model of the PV Array

The array is composed of glass, encapsulants, solar cells, and
substrates, which can be treated as a multilayer model. Thermo-
dynamic properties of each layer are different, and solar radiation
absorbed on various parts of the array is nonuniform. The array also
can be treated as heat conductor with nonuniform inner heat source.
Therefore, a separate heat-balance equation may be written for each
layer to obtain a better estimation of the solar cell temperature.

The array may be divided into three layers, which are the cover
glass, the solar cells, and the substrate. Thefirst layer (the cover glass)
transmits most of the solar flux to the second layer (solar cells). A
large portion of solar flux is absorbed by the solar cells and another
part is reflected back to the atmosphere through the first layer. The
first layer has convective heat transfer with the atmosphere. The third
layer has conductive heat transferwith the airship hull. Each layer has
conductive heat transfer with the adjacent layer. The mechanism of

heat transfer of the array is shown in Fig. 3 and is given by the
following three differential time-dependent equations:

mp1cp1
dT1
d�
�Qsun1

�Qco �Qr �Q1;2 (17)

mp2cp2
dT2
d�
�Qsun2

�Qpow �Q1;2 �Q2;3 (18)

mp3cp3
dT3
d�
�Q2;3 �Q3;h (19)

where

Qi;i�1 � Ap�Ti � Ti�1�=�di=ki � di�1=ki�1� (20)

Q3;h � Ap�T3 � Th�=�d3=k3 � dh=kh� (21)

III. Thermodynamic Model of Stratospheric Airships

The airship hull is made of laminated membrane materials that are
able to support higher inner pressure and to keep buoyant gas inside
the hull. Because the hull is thin, the heat conduction of the hull is
neglected for the purpose of simplification. The airship is full of
buoyant gas, generally helium. Suppose that the hull remains un-
changed, and that the different pressure between the buoyant gas and
the ambient atmosphere is in the permitted range. Figure 4 is sche-
matic diagram of airship heat transfer.

Various parts of the airship hull receive nonuniform solar
radiation. It is desirable to divide the airship hull into small grids, as
did for the array. Consequently, the airship hull is treated as a close
system consisting of n pieces of isothermal gray-body surface. The
heat-balance equation of the grid i of the airship hull may be
expressed as

mh;ich
dTh;i
d�
�Qsun;i �Qcond;i �Qconv;i �Qr;i �Qcin;i �Qrin;i

(22)

Fig. 3 Heat transfer mechanism of the PV array.

Fig. 4 Schematic diagram of airship heat transfer.

1382 LI, FANG, AND DAI



The heat-balance equation of the buoyant gas may be expressed as

cv;hemhe

dThe
d�
�
XN
i�1

Qcin;i (23)

The internal free convective heat transfer between the buoyant gas
and the grid is given by

Qcin;i � hinAh;i�Th;i � The� (24)

where

hin � 0:13
kHe
D
� �GrHe � PrHe�1=3 (25)

The radiative heat transfer between the grid i and the other parts of
the interior surface of the hull is given by

Qrin;i � �Ji � Gi�Ah;i (26)

where

Ji � "�T4
h;i � �1 � "�

Xn
k�1

Jk�i;k �k� 1; 2; � � � ; n� (27)

Gi � �Ji � "�T4
h;i�=�1 � "� (28)

Equation (27) can be transformed into

�T4
h;i �

Xn
k�1

�i;k � �1 � "��i;k
"

Jk �
Xn
k�1

ai;kJk (29)

where

ai;k �
�i;k � �1 � "��i;k

"
(30)

�i;k �
�
1 k� i
0 k ≠ i

(31)

Equation (29) can be expressed as

a1;1 a1;2 a1;3 � � � a1;n
a2;1 a2;2 a2;3 � � � a2;n
a3;1 a3;2 a3;3 � � � a3;n

..

. ..
. ..

. ..
.

an;1 an;2 an;3 � � � an;n

2
666664

3
777775 �

J1
J2
J3
..
.

Jn

2
666664

3
777775� �

T4
h;1

T4
h;2

T4
h;3

..

.

T4
h;n

2
666664

3
777775 (32)

IV. Numerical Calculation and Analysis

To investigate the thermal performances of the array and the strato-
spheric airship, the design parameters of the array and the airship

listed in Tables 1 and 2 were chosen. The area of the PV array is
620 m2.

During daytime, a part of solar energy absorbed on the array
converts to electrical energy, while a large portion converts to heat
energy. Therefore, the temperature of the array increases. Figure 5
shows 3-D solar radiation and temperature distribution of solar cells
at noon. Since the solar radiation on the array is nonuniform, the
temperature of the array is nonuniform. The temperature nonlinearly
varies with the absorbed solar radiation. The temperature at the top of
the array is over 70 K higher than at the bottom at noon, while the
temperature difference between the layers of a grid is small due to the
small thickness and heat resistence. Normally, three layers may be
treated as an isothermal body in thermal analysis.

The power output of the array is determined by the incident solar
radiation on the array and the operating temperature of the array,
which is directly proportional to the incident solar radiation and
inversely proportional to the operating temperature. Figure 6 shows
the output profile of the array. During daytime, the output increases
firstly reaches its maximum at noon, and decreases afterwards. The
output is also influenced by the latitude, time during the year, airship
orientation,flight attitude,wind speed, and ambient temperature. The
latitude, time during the year, airship orientation, and flight attitude
directly influence the incident solar radiation on the array, and flight
altitude, wind speed, and ambient temperature affect the convective
heat transfer between the array and the atmosphere as well.

Figure 7 shows that flight latitude and time during the year have
effects on the output of the array. On 21 June, due to the little incident
solar radiation and the low operating temperature of the array, the
output at the equator may be more than at the latitude of 30 N at the

Table 1 Design index of the array [19]

Photovoltaic array layers Cover glass Solar cells Substrate

Absorptivity 0.24 0.64 0.28
Emissivity 0.86 —— 0.86
Thermal conductivity,W=�m � K� 0.66 137.95 0.4
Specific heat capacity, J=�Kg � K) 824 476 1506
Density, kg=m3 2400 2850 1580
Thickness, mm 0.2 0.33 0.089

Table 2 Design index of the airship

Parameter Value

Length, m 60
Diameter, m 20
Area, m2 3000
Volume, m3 12000
Ceiling altitude, km 20
Longitude and latitude 30
N, 120
E
Absorptivity 0.38
Emissivity 0.86
Buoyant gas Helium gas
Date 21 June 2009

Fig. 5 3-D solar radiation and temperature distribution of solar cells at noon.
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same time. Similarly, at the latitude of 30 N, the output on 21 March
may be more than that at the same time on 21 June.

Figure 8 shows that the ambient wind speed has effects on the
output. The higher the wind velocity is, the more the output of the
array will be. As the wind speed increases, the output increases,
because convective heat transfer of the outer surface of the array is
more intense, and the temperature of the array decreases.

Figure 9 shows that airship orientation has effects on the power
output of the array. When the airship orientation changes, the power
output of the array varies markedly due to the change of the absorbed

solar radiation of the array. Besides, airship size and geometry
decide the size and geometry of the array, and thus have effects on
the output.

Under the action of the solar radiation, infrared radiation, and
convective heat transfer, the airship may “superheat” or “supercool,”
and the PV array may aggravate the superheat or supercool of the
airship. Figures 10 and 11 show temperature distribution of vertical
section of the middle part of the airship at noon and at midnight,
respectively. During daytime, while the solar radiation is intense, the
airship will “superheat.” The solar absorptivity of the array is higher
than that of the airship hull, so that the local high temperature of the
array will aggravate the local superheat of the airship. The bigger
the solar absorptivity of the array, the more intense the superheat of
the hull. At noon, the temperature at the top of the airship is nearly
310 K with the array, but less than 280 K without the array, about
30Kdifference.During night, the temperature of the upper part of the
airship hull is lower than the lower part, and thus the upper part is
“supercool.” It is because the sky effective temperature is lower than
the ambient temperature of the airship, and the influence of the
infrared radiation between the hull and sky is distinct without the
solar radiation. If the emissivity of the array is higher than the airship
hull, the supercool of the hull is aggravated. The bigger the emissivity
of the array, the more intense the supercool of the hull. In this paper,
the emissivity of the array is assumed to be the same as the airship
hull, so that the influence of the array on the supercool of the airship
hull may be negligible. Besides, the array has an effect on the temper-
ature of the buoyant gas. Figure 12 shows the effect of PVarray on the
average temperature of helium gas. The PVarray may aggravate the
variation scope of the temperature and the volume of buoyant gas, so
that the airship hull requires higher intensity, expandability, and
ductibility.

Fig. 6 Power output profile for photovoltaic array.

Fig. 7 Effects of latitude and time of the year on power output of

photovoltaic array.

Fig. 8 Effects of wind speed on power output of photovoltaic array.

Fig. 9 Effects of airship orientation on power output of photovoltaic

array.

Fig. 10 Temperature distribution of vertical section of the middle part

of the airship at noon.
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If a thick insulation board is installed between PV array and the
airship hull, the superheat of the airship hull and diurnal temperature
variation of buoyancy gas can be reduced, which is beneficial for
increasing the lifetime of the airship. However, the power output of
the array may decrease dramatically (shown in Fig. 13) due to higher
operation temperature caused by the insulation. Therefore, the array
is more efficient without insulation on its back.

V. Conclusions

The thermodynamic models of the photovoltaic array and
airship are developed to estimate the thermal performances of the

array, based on which the temperature distribution and power
output of the PV array are simulated, the effects of the latitude,
wind speed, and insulation on the power output of the PV array
are analyzed, and the effect of the PV array on the thermal char-
acteristics of the airship is investigated. The main conclusions are
as follows:

1) The temperature distribution of the array is nonuniform due to
the incident solar radiation and infrared radiation. The radial tem-
perature difference between the layers is small due to the small
thickness and heat resistence. Normally, a three-layer grid of the PV
array may be treated as a lumped system to be developed by the
lumped method based on heat transfer.

2) The output of the array increases first, reaches its maximum at
noon, and decreases afterward. The output may be influenced by
various latitudes and the low operating temperature of the array.
Besides, the higher the wind velocity is, the more the output of the
array will be, due to more intense convective heat transfer and the
lower temperature of the array.

3) The PV array may aggravate the superheat or supercool of
airship, the variation range of the temperature, and the volume of
buoyant gas if there is no insulation between the array and the air-
ship hull. Therefore, the airship hull requires higher intensity,
expandability, and ductibility. Insulation installed between the
photovoltaic array and the airship hull may reduce the superheat of
the airship hull and diurnal temperature variation of buoyancy gas,
but the output of the array will decrease.
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