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Abstract: Based on the biaxial experiment data of the membrane material under hot and cold
conditions, the mechanical properties calculation model of envelope material was established with
consideration of the effects of varying stress ratios, stress magnitudes and temperatures on the
mechanical properties of near-space airship material. Using the heat source model, Computational
Fluid Dynamics (CFD) simulation, User-Defined Function (UDF), structural finite element analysis
software and the user subroutine of an airship to define the behaviour of fabric material, the fluid–
structure–thermal coupling model of airship envelopes was established. In addition, a near-space
airship was selected as the research subject to calculate the diurnal temperature differences during the
summer solstice and analyse the diurnal temperature distribution of the envelope. Under controlled
environmental conditions, the deformation law of the near-space airship under the influence of
fluid–structure–thermal coupling was calculated and summarised. The present fluid–solid–thermal
coupling model takes into account the anisotropy of materials, temperature, stress magnitude, stress
ratio and other influencing factors, which can more accurately reflect and predict the stress–strain
distribution and the deformation law of near-space airships.

Keywords: mechanical properties; near-space airship; fluid–solid–thermal coupling; simulation

1. Introduction

For a large near-space airship [1,2], the envelope material is not only directly affected
by environmental temperature but also by local radiation, cloud reflection, internal and
external heat transfer and convective heat transfer [3,4]. The temperature difference of
near-space airship envelope material can reach more than 100K [5–7], such as the tempera-
ture difference between day and night near the installation of solar panels in the envelope.
The change of buoyancy and envelope stress caused by temperature change will have a
great influence on the normal operation of the near-space airship. Finally, the local overheat-
ing and cooling will even lead to the deformation and rupture of the envelope. In addition
to thermal factors, airships are also affected by fluid pressure and their own material prop-
erties. Therefore, fluid–solid–thermal coupling analysis of near-space airships is of great
significance to avoid overheating and improve the overall design of near-space airships.

The research on heat source models of near-space airships has been relatively devel-
oped, but there have been few experimental studies [8–12]. This is due to the intensive
requirements of trials coupled with the strict confidentiality of many studies, resulting in
more difficult access to open experimental research data. At present, most of the experi-
mental studies simulate the stratospheric environment and study the small aerostat model.
Harada [13] established a simplified thermal model and verified it through the thermal
measurement of a 25 m/35 m airship. The effectiveness of the model was verified through
a series of flight tests of small aircraft. Cheng X.T. [14] established a theoretical model
for thermal analysis under various radiation conditions, carried out numerical simulation
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using commercial software and designed a research test on the thermal characteristics of a
1.5 m-long aerostat, which proved the accuracy of the theoretical model by comparison.
Bruce [15] conducted a thermal simulation of an infrared aerostat with a diameter of 0.4 m
placed in a large inflatable tank with a cold top wall and adiabatic side wall and studied
the local Nusselt number under different conditions. Li D.F. [16] established a simulation
test device for the transient heat transfer characteristics of an airship model and measured
and obtained transient temperature change data of envelope materials and helium gas
in different parts of the airship model under simulated solar irradiation and different
airflow conditions.

It is worth noting that although there are many pieces of research on the thermal
characteristics of near-space airships [17–21], most of the models established by scholars
do not consider the transmission characteristics of envelope materials and ignore the direct
influence of external heat sources on the thermal characteristics of the inner filled gas.
A large part of near-space airship materials has transmission. The main heat source factors
considered by different scholars are different; the empirical formulas are different, and
some of the empirical formulas are quite different from the actual situation. In addition,
the comprehensive factors such as environmental parameters and analysis methods lead to
a big difference in the calculation results of the model. Therefore, when establishing the
thermal model, it is necessary to comprehensively consider the influence rules of different
factors on the thermal characteristics of the aerostat. The general CFD software can be used
to replace part of the empirical formula to improve the accuracy so that the established
model has general engineering value and significance.

Cheng C. and Wang X.L. realised the simulation of the mathematical model of the
thermal characteristics of the aerostat mentioned above by means of numerical simulation
and calculated the envelope unit and time as discrete quantities [22]. The model considers
the transmission characteristics of the airship envelope and can predict the thermal char-
acteristics of the airship envelope more accurately and comprehensively. The simulation
calculation of the simulation model test of the thermal characteristics of the aerostat in
Li D.F.’s doctoral thesis [14] was carried out, and the numerical calculation results were
compared with the experimental results in the literature. The results show that the thermal
characteristics model, numerical calculation program and method of aerostat established
by this method are accurate. On this basis, Wang [23] compiled the mathematical model of
the thermal characteristics of the airship into a UDF subroutine, realised the loading of the
heat source around the airship by invoking the user subroutine with CFD software and
replaced the mathematical calculation model of the natural convective heat transfer of gas
inside the envelope and the forced convective heat transfer outside the envelope with the
CFD heat balance equation. The calculation accuracy of the model is further improved.
Through numerical simulation analysis, the diurnal variation characteristics of the envelope
temperature of the conventional near-space airship were obtained.

The surface temperature of the near-space airship envelope will affect the mechanical
properties of the envelope, and the local overheating or undercooling caused by the thermal
environment will lead to the local deformation of the envelope, affecting the structural
safety of the airship. In view of this, thermo-solid coupling analysis is needed to esti-
mate the temperature and the corresponding stress–strain law of the airship envelope at
different times. Fluid-structure coupling of near-space airships has been studied more
than thermal-structure coupling. For example, Wang X.L. [24] developed a nonlinear
dynamic fluid-structure staggered integral coupling method to analyse fluid-structure
coupling characteristics of large flexible inflatable structures like near-space airships based
on fluid dynamics calculation software FLUENT and structural analysis software ABAQUS.
Bessert [25] proposed a coupling method of VSAERO (aerodynamic analysis method
based on potential flow theory) and ABAQUS (structural analysis software) to solve the
static aeroelasticity of airships. Omari [26] used the ALE method to solve Navier–Stokes’s
three-dimensional compressible equation and calculated the static aeroelasticity of ellipsoid
shape with a length of 1.37 m, slenderness ratio of 6 and angle of attack of 20. Liu J.M. [27]



Aerospace 2022, 9, 439 3 of 17

established a fluid-structure coupling calculation method for large deformation of mem-
brane structure in a three-dimensional flow field and carried out fluid-structure coupling
analysis for the near-space airship. There are few studies on the thermo-solid coupling
of near-space airships. Dai Q.M. [28] realised the coupling analysis of steady-state heat
transfer and the fluid and structural deformation of near-space airships by using ANSYS
WORKBENCH, revealing the influence of wind speed and diurnal temperature changes on
the stress and strain of the airship airbag envelope. Specifically, fluid analysis was done
using FLUENT, and structural deformation analysis was performed using the APDL solver.
However, the coupling model does not consider the effect of anisotropy and temperature
on the mechanical properties of the envelope.

The main innovation of this work is that the fluid–solid–thermal coupling analysis
of the near-space airship was realised based on the high and low-temperature biaxial
tensile test data and took into account the anisotropy of materials and the influence of
temperature on the mechanical properties of the envelope material. Firstly, the fitting
estimation formula of elastic modulus and Poisson’s ratio of UN-5100 envelope material at
−33–80 ◦C is provided, and the calculation model of mechanical properties of envelope
material at high and low temperatures is established. Secondly, based on the work done
by Cheng C. [22] and Wang X.L. [23,24], the heat source model of the airship envelope
considering different radiation conditions is introduced. Then, the VFABRIC subroutine
was used to simulate the effects of different stress ratios, stress sizes and temperatures on
the mechanical properties of near-space airship materials. Finally, a near-space airship with
a length of 140 m and a maximum diameter of 38 m was selected as the research object.
Based on the heat source model and CFD software, the force and deformation law of the
near-space airship under the influence of fluid–solid–thermal coupling was analysed under
the set environmental conditions. The diurnal temperature difference of the airship on
the summer solstice was calculated, and the diurnal temperature distribution law of the
envelope was analysed and summarised.

2. Methodology
2.1. Material Model

According to the stress–strain curve of the biaxial tensile test, a univariate quadratic
polynomial can be used to fit the curve:

σ = α1ε2 + α2ε + α3 (1)

The elastic modulus at any moment can be obtained by deriving ε of the above
equation in warp and weft directions. However, the elastic modulus obtained by this
method only considers the effect of the stress in one direction. In fact, the stress in warp and
weft directions will both affect the elastic modulus of the material. Therefore, the elastic
modulus can be assumed to be Ex and Ey, and the below bivariate quadratic polynomial
can be obtained:

Ex = λ0 + λ1σx + λ2σ2
x + λ3σy + λ4σ2

y + λ5σxσy (2)

Ey = κ0 + κ1σx + κ2σ2
x + κ3σy + κ4σ2

y + κ5σxσy (3)

where λ0j, k0j and η0j (j = 0. . . 5) are evaluation parameters. Significances of each monomial
term in the above bivariate quadratic polynomial are shown in Figure 1. Where ‘λ5’ and
‘k5’ in the above bivariate quadratic polynomial evaluate the effect of both δx and δy on the
elastic modulus Ex and Ey.
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The initial Poisson’s ratio vyx and vxy can be calculated using the following formula:

νyx =

(
σx

Ex
− εx

)
Ey

σy
(4)

νxy =
Ex

Ey
νyx (5)

The above initial Poisson’s ratio can be fitted using the bivariate quadratic polynomial:

νyx = η0 + η1σx + η2σ2
x + η3σy + η4σ2

y + η5σxσy (6)

At the −33 ◦C to 80 ◦C temperatures, the UN-5100 envelope material stress–strain
data is processed and calculated, and 18 optimisation parameters can be obtained at the cor-
responding temperature, as shown in Table 1. According to the parameters of the 18 elastic
modulus and Poisson’s ratio polynomial equations under various temperature conditions,
the VFABRIC subroutine can be compiled to obtain a subroutine that could reflect the me-
chanical parameters of envelope material under high- and low-temperature environments.

Table 1. Parameters of the simulation environment.

Temperature (◦C) −33 3 23 40 80

λ0 3669.515 2296.417 1715.832 1373.241 1300.335
λ1 −257.781 −174.32 −109.514 −56.4565 13.3424
λ2 −2.48195 0.485099 −0.27352 −0.72883 −1.14517
λ3 9.249948 6.827669 5.279409 3.7769 −0.71296
λ4 1.411409 0.650474 0.536042 0.449718 −0.33591
λ5 0.539084 0.091826 0.127741 0.117449 −0.82441
κ0 2869.423 1792.312 1429.07 1245.06 1237.787
κ1 0.447077 0.529999 −0.01938 −0.51707 0.6388
κ2 −114.703 −79.9611 −43.7049 15.6374 −6.46238
κ3 0.291252 0.269617 0.142972 0.02213 −0.11448
κ4 3.601823 1.915789 1.823383 1.783014 0.157013
κ5 0.173065 0.227971 0.136431 0.0114 −0.37252
η0 0.012636 0.2625335 0.40475 0.500943 0.5663782
η1 0.042854 0.037915 0.02569 0.015421 0.011972
η2 0.06888 −0.01384 −0.02771 −0.03523 −0.08995
η3 0.000383 −0.00078 −0.00098 −0.00143 −0.00554
η4 −0.00037 0.0013439 0.001955 0.002122 0.0006894
η5 −0.00774 −0.002531 −0.00193 −0.00095 0.0097954

2.2. Thermal Model

Large near-space airships are particularly sensitive to the stratospheric thermal envi-
ronment. Figure 2 lists the main factors influencing the thermal sensitivity of airships in
near space. For thermal radiation, the object with a spectral absorption ratio independent
of wavelength is called a grey body. Gray bodies do not absorb all the energy of thermal
radiation, and some of it is reflected away. Compared with the grey body, a black body
is the standard object in the field of thermal radiation, can completely absorb all external
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electromagnetic radiation, and there will be no reflection and transmission. The main
thermal factors of an airship in the stratosphere are solar long-wave radiation, short-wave
radiation and convective heat transfer. Solar long-wave radiation includes earth radiation,
atmospheric radiation around the airship and radiation heat transfer between envelope ma-
terial units. Short-wave solar radiation includes direct solar radiation, scattered radiation
from the sky and reflected radiation from the earth and clouds.
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2.2.1. Earth Radiation

After receiving solar energy, the ground continuously releases its own energy to the
atmosphere in the form of radiation. This radiation is called ground radiation or ground
long-wave radiation, as this band belongs to the infrared region. Airships are treated
as grey bodies in the earth’s long-wave radiation. The mathematical model of ground
long-wave radiation calculation is:

IGREarth = εEarthσSτatmIRT4
Earth (7)

where εEarth is the average emissivity of the earth, 0.92, Stefan–Boltzmann constant
σS = 5.67 × 10−8 W/(m2·K4). TEarth is the equivalent temperature of the grey body on the
earth’s surface [29], 255 K. τatmIR is the transmittance of long wave radiation [16], which
can be calculated by the following formula:

τatmIR = 1.716 − 0.5
[

e0.65 Pa
P0 + e−0.095 Pa

P0

]
(8)

where Pa is the atmospheric pressure around the airship, P0 is the atmospheric pressure at
the surface of the Earth.

QGREarth,i =
1
2

εskinex

(
IGREarth − σsT4

skin,i

)
(1 + cosβ2)Askin,i (9)

where εskinex is the infrared emissivity of the outer surface of the near-space airship. Tskin,i
is the temperature of the i-th envelope unit. Where β2 is the included angle between
the normal direction and gravity direction of the surface material unit of the near-space
airship [20]. Askin,i is the area of the i-th envelope unit.
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2.2.2. Atmospheric Radiation

Atmospheric radiation is a cold source for airships at low temperatures at night and is
the main thermal influence factor of airship surface envelope; it is considered a black body.

IIRSky = σsT4
sky (10)

where Tsky is the equivalent radiation temperature of the atmosphere around the airship,
which can be calculated by the following formulas:

Tsky = τ
1
4

skyTa (11)

QIRSky =
1
2

εskinex

(
IIRSky − σT4

skin,i

)
(1 − cosβ2)Askin,i (12)

2.2.3. Direct Solar Radiation

Solar radiation intensity can be calculated by the following formula:

I0 = S0

(
1 + ecosφr

1 − e2

)2
(13)

where e is the eccentricity of the orbit, 0.016708. S0 is ‘solar constant’, 1367 W/m2. φr is
sun’s angle:

φr = 2π
nj − 4

365
(14)

where, nj is the product date, which refers to the serial number of the current date of the
aerostat in a year, set from 0 to 365. The calculation formula of direct solar radiation Qsuns
is as follows:

Qsun,i = λzαskin,iτatm I0cosβ1 Askin,i (15)

where subscript i represents the i-th envelope unit; λz is the shielding coefficient, 1 for
envelope units without direct sunlight, and 0 for vice versa. αskin,i is the effective absorption
coefficient of the i-th surface envelope unit of the near-space airship under direct solar
radiation; τatm is solar radiation transmittance in the atmosphere [18].

2.2.4. Sky Radiation

When solar radiation passes through the atmosphere, it will scatter because of the
gas and dust in the atmosphere, and this radiation is called sky radiation. The scattered
radiation from the sky is independent of direction and is more intense when it is cloudy.
The sky radiation can be calculated by the following formula:

Iskysa =
I0sinα

2
M(1 − τatm)

M − 1.4lnτatm
(16)

The sky radiation can be obtained:

Qsky,i = αskin,i Isuns

(
1 − cosβ2

2

)
Askin,i (17)

2.2.5. Reflected Radiation from the Earth and Clouds

Part of the radiation received by the surface of the near-space airship is the energy
reflected by the radiation through the ground or clouds, this part of the radiation is called
ground and cloud reflection radiation. The calculation formula of reflected radiation
intensity of ground and cloud is as follows:

Ig = ρg(Issinα + Isunsa) (18)
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Is = τatm I0 (19)

where ρg represents the average reflectance of ground and cloud, and the reflectance is
different for different landforms and targets, such as water surface, grassland, desert
and snow field. For cloud reflectivity, it is 0.2 on sunny days and 0.6 on cloudy days.
For different landforms, the surface reflectance is also different. For example, the reflectance
of desert landform is 0.25, and that of snow field is 0.8. In general, the average surface and
cloud reflectance of urban areas is 0.4.

The ground and clouds reflect radiation:

Qg = αskin Ig

(
1 + cosβ2

2

)
Askin,i (20)

2.3. Analysis Process and Method

The calculation flow diagram of the coupled model is shown in Figure 3. First, the ther-
mal model of the near-space airship was compiled into a UDF subroutine. After being called
by FLUENT, the temperature field and aerodynamic load of the airship, considering the nat-
ural convection inside and outside the envelope, could be calculated. After interpolation
mapping, the finite element model is formed. On the other hand, the biaxial tensile test data
considering temperature were obtained, and the mechanical characteristics parameters of
the envelope were presented considering the influence of temperature, stress magnitude
and stress ratio. These mechanical parameters are compiled into the VFABRIC subroutine.
After being called by ABAQUS, the fluid–solid–thermal coupling model can be calculated.
For the ABAQUS coupling model at a certain time, the computation time takes 8 hours.
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3. Coupling Model Condition

A fluid–solid–thermal coupling model of an airship with a length of 140 m and a
maximum diameter of 36 m is provided, as shown in Figure 4. The finite element model
is composed of 123,101 membrane elements, including 122,493 M3D4R elements and
1212 M3D3 elements. The airship simulates the fluid pressure difference Pf , buoyancy Fw,
total weight G, pressure difference ∆P and heat distribution of the envelope surface under
the real environment.

In this study, the local longitude and latitude, day of the year, altitude and attitude
angle of the airship under certain environmental conditions are assumed. That is, assume
that the airship is flying under the conditions shown in Table 2, with the head pointing east
and maintaining the same attitude.
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Table 2. Parameters of the simulation environment.

Local latitude 41◦ Local longitude 92◦

Day of year 174 Altitude 20,000 m
Pitch angle of the airship 0◦ Yaw angle of the airship 0◦

Roll angle 0◦ Inflow velocity 10 m/s

3.1. Boundary Condition

The boundary condition of the model is that the tailing of the airship does not limit
the displacement of the weft direction, and the other five degrees of freedom are fixed; the
head of the airship is fixed.

The following conditions are met when the airship is stationary(units: N):

Fw = G (21)

where Fw is buoyancy, and G is gravity.

3.2. Buoyancy Condition

The calculation formula of buoyancy Fw:

Fw = ∑∆PwiSi (22)

where Si is the area of the airship unit, and ∆Pwi is the pressure on the inner surface of each
cell of the envelope. The calculation method is as follows:

∆Pwi = (ρa − ρHe)∆yig (23)

where ρa is the air density at the flying altitude of the airship, ρHe is the helium density at
the flying altitude of the airship, ∆yi is the height difference between the airship unit and
the lowest point unit in the gravity direction of the airship. g is the acceleration of gravity.

3.3. Aerodynamic Load Condition

The general view of the computational domain and mesh distribution around the
airship is illustrated in Figure 5. As shown in Figure 5a, the whole domain is a rectangle
of 180 hull length long and 180 hull length wide. Figure 5b shows the close view of the
mesh domain around the airship. The height of the first row mesh is set such that the y+ is
equal to 1 [30]. The mesh dependency study is made and the unstructured mesh number of
2,178,168 is finally applied.
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Figure 5. Fluid mesh condition of the airship. (a) Domain condition. (b) Mesh domain around the
airship. (c) The surface mesh of the airship.

A three-dimensional incompressible unsteady CFD solver in the commercial software
FLUENT 14.0 is adopted to solve the RANS governing equations. Due to the incompress-
ibility of the flow, the pressure-based solver is utilized, which has a good capability of
solving the low-speed incompressible flows. The RANS governing equations are solved
implicitly [31] and the SIMPLE algorithm is taken as the pressure-velocity coupling ap-
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proach. The Green-Gauss Node-based method [32] is adopted in gradient interpolation.
The convective flux terms and diffusive flux terms are discretized with the second-order
accurate upwind scheme [32] and second-order accurate central difference scheme [33],
respectively. The velocity inlet and pressure outlet boundary condition are adopted.

The aerodynamic load of the airship is mainly caused by the flow of external air
relative to the airship envelope, and the natural convection inside the airship envelope
also produces the corresponding load. In the calculation results, the cloud diagram of
the external forced convection load distribution of the envelope is shown in Figure 6a.
According to the aerostatic load cloud diagram of the envelope, the aerostatic pressure on
the head and tail of the airship is greater than zero, indicating that the envelope is subjected
to pressure from the outside to the inside under this working condition. The tail of an
airship is sometimes affected by the wake vortex and produces positive static pressure. In
the direction from the head to the tail of the airship, the static pressure of the head of the
envelope is distributed from large to small, and the maximum value is 4.0 Pa, while the
maximum value of the tail is 1.7 Pa. Except for the head and tail region, the pressure on the
other envelopes is from inside to outside, and the pressure at the first turning point near
the head of the outer envelope is the largest, which is 5 Pa. The hull’s static pressure from
inside out is 0.3 to 0.5 Pa. The cloud diagram of load distribution generated by natural
convection inside the envelope is shown in Figure 6b, in which the hull is subjected to
negative pressure.
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4. Results and Discussions
4.1. Simulation Results

The fluid–solid–thermal coupling of an airship in 24 hours is analysed, and the stress–
strain distribution and heat distribution results under corresponding conditions are ob-
tained. Here, the corresponding simulation results at 6:00 a.m., 12:00 p.m., 6:00 p.m. and
12:00 a.m. are selected for analysis and explanation. The internal pressure of the airship is
set as 300 Pa; that is, the simulation assumes that the airship works in a controlled constant
pressure environment, and its attitude remains unchanged. According to the thin-shell
cylinder theory, δm = 16.875 Mpa and δθ = 33.75 Mpa are calculated. Where δm is the axial
stress, and δθ is the circumferential stress.

4.1.1. Simulation Results at 6:00 a.m.

The temperature distribution diagram of the envelope surface at 6:00 a.m. on the
summer solstice is shown in Figure 7a. At this time, the highest temperature of the envelope
surface is mainly concentrated at the head of the airship, and the overall temperature is at a
low level. Due to the sunrise and the orientation of the airship, the highest temperature on
the surface of the airship envelope is mainly concentrated at the airship head, the lowest
temperature at the tail, and the temperature distribution of the body is more uniform.
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The stress cloud diagram of S11 at this time is shown in Figure 7b. The maximum
value of S11 is distributed at the top of the airship, the stress on both sides of the ship is
relatively uniform, and the head and tail of the ship are small. The S11 stress of the hull is
between 16 Mpa and 20 Mpa, which is similar to the axial stress δm of a thin-shell cylinder.

As shown in Figure 7c, the S22 stress at the turning point of the envelope near the
head of the airship is more complex than other parts, with a negative value of S22. The S22
stress of the hull is greater than that of the head and tail, and the S22 stress of the hull half
is higher than that of the lower part.

As shown in Figure 7d, at 6:00 a.m., the head of the airship expands negatively in the
axial direction, while other parts expand positively in the axial direction. According to the
gradient line of the cloud image, under the influence of buoyancy, gravity, aerodynamic
force, pressure difference and temperature, the deformation of the airship in the axial
direction is not uniform but gradually changes with the circumferential and axial direction
at the same time. The largest deformation occurs at the shape turning point of the envelope
near the airship head, mainly because of the depression deformation.

4.1.2. Simulation Results at 12:00 p.m.

Figure 8a shows the temperature distribution of the envelope surface at 12:00 p.m. on
the summer solstice. Affected by direct solar radiation, convective heat transfer outside the
envelope, reflected radiation from the ground and clouds, and long-wave radiation from
the sky, the overall temperature is at a high level. At this time, the highest temperature of
the airship body transferred to the second half of the ship and the tail.

At 12:00 p.m., the airship envelope outer surface temperature reached the maximum
value in a day, concentrated on the top of the middle part of the ship. Figure 8b shows the
axial stress distribution of the outer envelope of the near-space airship. The axial stress at
the bottom of the hull is slightly lower, and the S11 stress of the whole hull is 16–20 Mpa.

At 12:00 p.m., the stress distribution of the near-space airship’s outer envelope is shown
in Figure 8c. The higher stress is high in a circumferential direction, mainly concentrated in
the middle of the hull, higher than the airship’s head and tail.

The deformation and displacement distribution of the outer envelope at 12:00 p.m. is
shown in Figure 8d. Due to the high temperature in the upper part of the airship at this
time, the Young’s modulus of the envelope decreases, resulting in the deformation of the
upper part of the envelope being larger than that of the lower part, so a gradient line from
the upper right to the lower left appears in the cloud image.
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4.1.3. Simulation Results at 6:00 p.m.

Figure 9a shows the temperature distribution of the envelope surface at 6:00 p.m.
During this period, the direct solar radiation, ground and cloud radiation weaken, and the
overall temperature is about to drop sharply. At this time, the highest temperature of the
airship body is concentrated at the airship tail, and the temperature of the ship head and
hull decreases.
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Figure 9b shows the axial stress distribution of the outer envelope of the near-space
airship. The high stress on the envelope gathers most of the middle part of the hull, the
axial stress on the top of the hull is slightly higher, and the S11 stress of the whole hull is
16.5–19 Mpa. S11 in the tip of the airship head and tail is less stressed.

At 6:00 p.m., the circumferential direction stress distribution of the near-space airship
outer envelope is shown in Figure 9c. The high stress is mainly concentrated in the middle
part of the hull, which is higher than the head and tail.

At 6:00 p.m., the distribution of U1 deformation and displacement of the outer enve-
lope of the near-space airship is shown in Figure 9d. Different from the previous time, the
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displacement gradient line in the cloud image changed from upper left to lower right due
to the change in temperature distribution on the surface of the envelope. It shows that the
lower part of the airship envelope deformation degree is higher than the upper part when
the airship enters the evening.

4.1.4. Simulation Results at 12:00 a.m.

Figure 10a shows the temperature distribution of the envelope surface at 12:00 a.m. on
the summer solstice. At this time, the surface temperature of the airship envelope enters a
relatively stable stage, mainly affected by earth long-wave radiation and sky long-wave
radiation. The maximum temperature of the airship is distributed in the lower part of the
body, and the temperature of the body is lower.
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At 12:00 a.m., the axial direction stress (S11) distribution of near-space airship outer
envelope S11 is shown in Figure 10b. Compared with the radial stress of the envelope at
12:00 p.m., the stress of the airship envelope at this time is more uniform, and the overall
stress is larger. The S11 stress of the envelope in the middle part of the hull is between
16.5 Mpa and 19 Mpa.

The circumferential direction stress (S22) distribution of the near-space airship outer
envelope is shown in Figure 10c. The circumferential direction stress of the lower part of
the hull is lower on the whole. The S22 stress of the airship’s head and the tail is lower
than that of the middle hull. According to the S22 stress distribution of the envelope at
12:00 a.m., the S22 stress in the middle of the hull is 30–37 Mpa.

The distribution of U1 deformation and displacement of the outer envelope of the
near-space airship is shown in Figure 10d. At this time, the expansion of the head of the
airship produces a negative X-axis displacement, and the temperature of the lower part of
the airship is higher than that of other regions under the influence of reflected radiation
from the ground and clouds, and the Young’s modulus of the envelope decreases, resulting
in the deformation of the lower part of the airship envelope material is larger than that of
the upper part, and a gradual curve from the upper left to the lower right appears in the
cloud image.

From the analysis of stress and deformation characteristics of the stratosphere airship
at different times (24 h) above, it can be seen that the stress on the top of the middle part
of the outer envelope is generally high, and more attention should be paid to the strength
and safety of the envelope body in this area. The axial and circumferential stresses in the
middle part of the airship envelope are not different from the theoretical values. Generally
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speaking, the stress distribution in the bow and stern is small, but attention should be paid
to the area around the shape bend of the airship. Because of the sagging phenomenon in
this area, the circumferential frame can be arranged in practical engineering applications.
In addition, the gradient lines in the deformation and displacement cloud map show that
the fluid–solid–thermal coupling finite element model established in this paper can predict
the shape deformation of airship envelope under different temperature fields.

4.2. Volume Change of Airship Envelope under Fluid–Solid–Thermal Coupling

Figure 11 shows the volume and length changes of the airship simulated under
fluid–solid–thermal coupling on the summer solstice. Refer to Section 3 for setting the
corresponding environment parameters; the internal pressure is 300 Pa and 500 Pa, respec-
tively. Among them, the original volume of the airship is 107,800 m3, and the length is
140 m.
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It can be seen from Figure 11a that the volume variation trend is similar to the direct
solar radiation, indicating that the volume of the airship is greatly affected by direct solar
radiation when it works under certain working conditions. When the airship reaches its
maximum volume at 12:00 p.m., the volume drops sharply from 19:00 to 20:00 and reaches
a plateau at 21:00. At this time, the temperature distribution and volume value of the
airship envelope are relatively fixed. The maximum volume difference between day and
night is 124.223 m3 at 300 Pa and 210.922 m3 at 500 Pa. Under different internal pressure
conditions, high internal pressure has a greater influence on the volume of the airship.

As shown in Figure 11b, the total length of the airship also shows a similar trend
with the change in temperature and volume. The airship reaches the maximum length
at 12:00 p.m., then decreases, and begins to reach the minimum length in the evening.
It is worth noting that the influence of internal pressure on the length of an airship is not
particularly great; the maximum appeared at 12:00 p.m.; at this time, the length of the
internal pressure of 500 Pa is 0.0178 m longer than that of 300 Pa. However, the volume of
the airship at 500 Pa is 330.4518 m3 larger than that at 300 Pa, indicating that the influence
of internal pressure on the volume of the airship is mainly caused by the expansion and
contraction of the airship envelope rather than the change of the airship length.

According to the changing trend of near-space airship volume over time, the simula-
tion results of airship deformation at 12:00 p.m. and early morning are taken as objects,
and the shape extraction of the airship in XY view is shown in Figure 12. The shape of the
airship in the picture has been enlarged or reduced by 10% relative to the original shape
to better observe the changes. The Y-axis in the figure is the direction of gravity on the
airship. Compared with the early morning, the near-space airship at 12:00 p.m. not only
has a larger shape but also has a larger upward expansion of the whole envelope, and the
expansion of the aft part of the ship is more obvious than the bow part, the length of the
ship becomes longer, and the head part shrinks.
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Figure 13 shows the shape of the near-space airship envelope after deformation in XZ
view. According to the deformation curves of airships in XY and XZ views, although the
head of the airship at 12:00 p.m. is smaller than that at 12:00 a.m. in the gravity direction
(Y-axis direction), the head of the airship at 12:00 p.m. is larger than that at Z-axis direction.
This indicates that the YZ cross-section of the airship’s outer envelope is no longer a regular
circle under the influence of temperature at different moments. Relative to the original
shape of the airship, affected by temperature and load, the head shrinks, the hull and tail
expand, and the length increases. For the airship, in this case, there is a depression at the
turning point of the outer envelope close to the head, which has already appeared in the
stress and deformation analysis of the envelope. This is caused by the lengthening of the
airship envelope and the expansion of the airship hull. For this phenomenon, it is necessary
to add a fixed ring at this part to maintain the shape of the airship.
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5. Conclusions

The unidirectional fluid–solid–thermal coupling model of the outer stratospheric en-
velope is established with CFD and the structural finite element method. Based on the
high and low temperature biaxial tensile test data, the fluid–solid–thermal coupling calcu-
lation and analysis is realised considering factors such as the anisotropy of the envelope
material, the temperature and Young’s modulus change. The temperature difference and
stress–strain behaviour of the near-space airship envelope were simulated and predicted,
and the force and deformation law under the influence of fluid–solid–thermal coupling
was analysed. The main conclusions are as follows:

(1) The total length of the airship shows a similar trend with the change in temperature
and volume. The influence of internal pressure on the length of an airship is not particularly
great, which indicates that the influence of internal pressure on the volume of the airship is
mainly caused by the expansion and contraction of the airship envelope rather than the
change of the airship length.
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(2) At noon, the stress near the upper half of the airship body generally increased due
to the high temperature of the airship. And both in day and night, the maximum stress is
always concentrated in upper half of the airship.

(3) The proposed finite element model can effectively predict the variations of the
stress distribution, temperature distribution, and shape deformation with regions and time,
under the fluid-solid-thermal coupling effects.
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