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Abstract

During stratospheric airship station-keeping missions, the pronounced temperature-rise
effect directly affects aerodynamic drag and power generation efficiency, yet most existing
design optimization studies tend to neglect it, potentially leading to biased performance
assessments. Thus, an aerodynamic—thermal multidisciplinary optimization framework
was developed in this study for a stratospheric airship considering temperature-rise ef-
fects. High-fidelity simulations were employed to construct surrogate models for drag
coefficient and daily power generation, and these models were subsequently integrated
into a multidisciplinary optimization framework aimed at minimizing the total system
mass. The optimization results show that, compared with the baseline optimal design, the
globally optimized configuration is slenderer, the location of the maximum diameter shifts
forward, and the nose and tail contraction becomes smoother. For the solar array layout, the
optimized design is also shifted forward, with a shorter axial coverage range, and greater
concentration in the fore and middle regions of the envelope. The optimized configuration
reduces the combined mass of the propulsion, energy, and structural subsystems, resulting
in an approximately 10% reduction in the total system mass. These results demonstrate that
incorporating temperature-rise effects into multidisciplinary optimization can significantly
affect the optimal design and provide a more realistic assessment of stratospheric airship
performance during station-keeping operations. Both Bas and Opt use the temperature-
coupled surrogate models; therefore, their comparison evaluates the benefit of full-variable
co-design rather than a temperature-on/temperature-off ablation.

Keywords: stratospheric airship; temperature-rise effect; multidisciplinary optimization
design; surrogate model

1. Introduction

Stratospheric airships are typical long-endurance flight platforms. They use buoyancy
to support their weight and to maintain sustained flight [1-3], while they achieve long-term
station-keeping based on aerodynamic or aerostatic principles. They therefore play an
important role in modern aerospace systems [4-6]. Typically, airships are equipped with
solar cells and can remain aloft at high altitudes for long periods to perform early-warning
and reconnaissance missions. They can also maintain a nearly fixed position relative to
the ground for years, in a way that is similar to geostationary satellites. Because of their
ultra-long endurance and stable payload environment, airships have attracted considerable
attention in both academia and engineering. They are important not only for early warning,
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surveillance, and reconnaissance, but also for emergency communication relay, disaster
monitoring, high-altitude scientific exploration, and logistics transport [7,8].

Existing airship design methods usually assume a fixed envelope shape [9,10]. Under
this design mode, aerodynamic drag reduction of the envelope plays a key role in lowering
the overall energy consumption. A decrease in aerodynamic drag directly reduces the
power required by the propulsion system for station-keeping, which then lowers the
demand for solar arrays and energy storage batteries from the power requirement side.
However, this single-disciplinary design logic based mainly on aerodynamic drag reduction
has clear limits in the real thermal environment of the stratosphere. At stratospheric
altitudes, the thin atmosphere leads to weak convective heat dissipation, while the solar
radiation intensity is much higher than that near the ground. Modern airships commonly
use large-area solar arrays as the main power source. However, photovoltaic systems have
limited conversion efficiency. Even for the most efficient multi-junction solar cells, 65-70%
of the incident solar radiation is still converted into waste heat rather than electricity [11].
This waste heat acts directly on the envelope surface and forms a strong local heat source.
Moreover, the large surface area characteristic of stratospheric airships provides substantial
exposure to solar radiation, making thermal effects a critical consideration in aerodynamic
design. These additional thermal loads not only cause a significant reduction in the
photovoltaic conversion efficiency of solar cells due to temperature-rise but also induce
earlier boundary-layer separation near the aft part of the envelope. This may alter the
boundary-layer development and consequently affect the aerodynamic drag characteristics
of the envelope [12].

Therefore, airship design should not only consider the streamlined shape of the
envelope, but also evaluate the photovoltaic system, propulsion system, and payload
demand in an integrated way, so that the best overall performance can be achieved when
temperature-rise effects are considered [13-15]. For example, the area of the solar array
must be accurately matched with the power demand of the airship. An undersized array
can cause power shortage, while an oversized array increases structural weight, potentially
leads to irreversible structural changes [16], and reduces the payload capacity. Also,
a higher temperature decreases the conversion efficiency of solar cells, so the system
requires a larger solar array area to compensate for the power loss. But this adjustment also
increases the envelope surface area and total weight, which then causes a secondary increase
in aerodynamic drag and energy consumption. This complex trade-off among temperature
variation, energy use, and drag control makes aerodynamic-thermal multidisciplinary
design optimization (MDO) considering temperature-rise effects necessary [17].

In this study, the temperature-rise effect of an airship operating in the stratospheric
environment was incorporated into an MDO framework. Existing studies still lack an
optimization framework that includes both the thermal environment and drag requirement.
Nine design variables related to the envelope shape and solar array layout were considered.
The thermal, aerodynamic, geometric, and energy models were integrated into a unified
optimization framework. Under the constraint of meeting the energy demand over the
mission period, the optimization aimed to minimize the total system mass of the airship.
The Bas and Opt cases both retain temperature coupling, so the reported comparison does
not isolate the temperature-rise contribution.

2. Analysis Models

In this section, the disciplinary models used for optimization were divided into
four main models outlined below.

The environment model describes the environmental parameters related to a specific
station-keeping location. The geometry model defines the method used to generate the
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envelope profile. The aerodynamic model describes the interaction between the above
two models. In this model, the effect of the thermal environment on aerodynamic drag is
considered, and a surrogate model is built for fast evaluation. The energy model describes
the estimation process for the total supplied energy and the total required energy. In this
part, the energy requirement is also evaluated efficiently through a surrogate model.

2.1. Environment Model

Stratospheric airships are usually designed to operate at a specific location and altitude,
and their performance is highly sensitive to environmental conditions. The environment
model provides the atmospheric parameters and solar radiation conditions required for
thermal, aerodynamic, and energy analyses, including air density, ambient temperature,
wind speed, and solar irradiance.

The atmospheric parameters can be estimated using the international standard at-
mosphere model to describe their variation with altitude. The standard atmospheric
temperature is then corrected based on the environmental characteristics of the actual de-
ployment region. For the stratospheric wind field, the ambient wind speed directly affects
the aerodynamic drag and propulsion power demand of the airship. Therefore, it should
be analyzed using the high-altitude wind characteristics of the target region. In this study,
Beijing was selected as the deployment location. Based on related research results [18],
the variations in the meridional and zonal wind components at different altitudes above
Beijing were analyzed, as shown in Figure 1.
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Figure 1. Variation of meridional and zonal wind components with altitude over Beijing: (a) merid-
ional wind; (b) zonal wind.

As shown in Figure 1, within the stratospheric altitude range over Beijing, the zonal
wind component is usually much larger than the meridional wind component. Therefore,
the airship should be oriented along the east-west direction to reduce the headwind drag
and lower the propulsion power demand. Also, near an altitude of about 20 km, a near-zero
wind-speed region appears over Beijing in summer, which is favorable for airship station-
keeping. Based on this analysis, typical deployment altitudes and design conditions were
selected as the inputs of the environment model in the following design process, ensuring
that the optimization results were grounded in a realistic engineering context.

2.2. Geometry Model

The Gertler Series 58 representation was used to generate the axisymmetric envelope
profile from the maximum-diameter location m, nose radius r,, tail radius 71, and prismatic
coefficient C,. The detailed derivation and coefficient matrix are moved to Appendix A;
only the final governing Equation (1) is retained in the main text.

The geometric definitions of these shape parameters are illustrated in Figure 2.
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Figure 2. Schematic of airship envelope shape parameters.
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After the coefficient system in Appendix A is solved, the envelope profile is given by

T R A R R RO BT

where L is the envelope length, and D is the maximum envelope diameter. In this study,

the fineness ratio is defined as f = L/D, and the envelope diameter is calculated from the
envelope length and the fineness ratio.

Finally, based on this parametric model of the envelope shape, the solar array layout
parameters can be further introduced. These parameters form the design variables used
for surrogate-model construction and optimization and provide the basis for the following
optimization problem.

2.3. Aerodynamic Model

The aerodynamic model considering temperature-rise effects is a key part of the multi-
disciplinary optimization of the airship. Its main task is to evaluate the drag characteristics
of the airship based on the given shape parameters, environmental conditions, and surface
thermal state, and to provide the basic data for the calculation of propulsion power demand.
In traditional studies, many researchers [19,20] used the empirical formula proposed by
Hoerner [21] to estimate the volumetric drag coefficient of the airship envelope. This type
of method is simple and easy to use. However, the drag coefficient is mainly determined by
the fineness ratio and Reynolds number, so it is not sensitive enough to detailed changes in
the envelope profile. It also cannot reflect the effect of temperature rise on aerodynamic
performance, so it cannot meet the needs of the envelope shape optimization in this study.

This study aimed to obtain the optimal envelope profile, so a high-accuracy method
was needed to calculate the drag coefficient. If computational fluid dynamics (CFD)
is directly coupled with the optimizer and high-fidelity analysis is performed for each
candidate profile, the computational cost will be very high [22-24]. Therefore, a surrogate
model of the drag coefficient considering temperature-rise effects was constructed in this
study to achieve fast drag prediction.

2.3.1. Numerical Method

The aerodynamic samples were evaluated using the Reynolds-averaged mass, momen-
tum, and energy conservation equations for low-Mach external flow. The airship surface
was treated as a no-slip wall, and the instantaneous nonuniform temperature Ts obtained
from the transient thermal model prescribed as the wall thermal boundary. Freestream
pressure, temperature, density, and station-keeping wind speed were imposed at the outer
boundary, with ambient pressure specified downstream.

A full circumferential domain was retained for nonuniform solar heating. Geometry-
dependent body-fitted meshes use near-wall layers and local refinement around the nose,
maximum-diameter region, afterbody, and wake. The same meshing logic was applied
throughout the design space. The archived database retains the converged integral re-
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sponses, but not every native mesh and solver log; therefore, unverified case-specific cell
counts and grid histories were not introduced in this revision.

2.3.2. Construction of the Aerodynamic Surrogate Model
1.  Design variables

In this study, nine independent design variables were selected. They include the key
parameters of the airship envelope shape and the layout parameters of the solar array and
are used to describe the main design factors that affect the drag and energy characteristics
of the airship as fully as possible. The physical meaning, range, and constraints of each
design variable are listed in Table 1.

Table 1. Design variables and ranges.

Design Variable Description Range Constraint

m Location of maximum diameter 0.3-0.6
70 Nose radius of curvature 0-1
el Tail radius of curvature 0.1-1
Cp Prismatic coefficient 0.55-0.7 0<Yy<L
f Fineness ratio 2.5-5 0<Ys <L

L, (m) Envelope length 100-300 Yi—Ys>1m

Y;, (m) Starting position of solar array 20-100

Yy, (m) Ending position of solar array 50-200

P, (deg) Wrap angle of solar array 50-180

2. Surrogate model training and accuracy validation

To ensure that the training samples are sufficiently uniform and representative in the
design space, the Latin hypercube sampling (LHS) method [25] was used to generate the
training sample set. Considering the dimension of the design variables, model complexity,
and cost of high-fidelity analysis, 180 training samples were generated in this study. The
drag coefficient of each sample was then calculated using the high-fidelity analysis model,
forming the input-output dataset required for surrogate model training.

Another 10 independent LHS samples were used for validation. RSM [26], Kriging [27],
and RBF [28] were compared using MARE, MAXRE, and RRMSE, which are relative errors
normalized by the corresponding high-fidelity value and reported in percent.

The prediction accuracy of the three aerodynamic surrogate models is summarized in
Table 2.

Table 2. Prediction accuracy of different surrogate models for drag coefficient.

Surrogate Model Type Accuracy Metric Relative Error in C; (%)

MARE 4.03

RSM MAXRE 6.69

RRMSE 4.56

MARE 0.69

Kriging MAXRE 1.48
RRMSE 0.78

MARE 1.32

RBF MAXRE 1.63

RRMSE 1.31

The evaluation results show that the Kriging model achieves high global average
prediction accuracy and also performs better than the other two models in controlling local
extreme errors. This indicates that the Kriging model has strong prediction ability over the
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whole design space. Figure 3 shows the scatter comparison between the CFD simulation
values and the predicted values of the Kriging model for the 10 validation samples.
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Figure 3. High-fidelity versus Kriging-predicted drag coefficients for the validation samples.

All validation points lie close to the 1:1 line, confirming the accuracy of the Kriging
surrogate for the retained high-fidelity samples.

As external supporting benchmarks, Zhang and Wang [29] reported a 1.5% mean
drag error for an airship-hull CFD procedure validated against six streamlined-body
experiments, while Lv et al. [30] validated a solar array airship thermal formulation against
a ground experiment. These studies support the adopted physical modeling route; the
10 independent samples above remain the direct validation of the present surrogates.

2.3.3. Drag Coefficient Correction

The total drag includes the envelope and appendages. Hoerner [21] and later airship
studies [31] support a complete-vehicle correction. In this conceptual model, k = 1.8 is
used as a consistent engineering allowance for unmodeled appendages, rather than as
a universal value taken directly from Ref. [31].

2.4. Transient Thermal Model

The surface temperature is advanced transiently as the solar position changes. At
each time step, the local energy balance includes direct and diffuse solar radiation, external
convection, long-wave infrared radiation, conduction through the envelope/solar array
layers, and the electrical energy extracted by photovoltaic conversion.

The environmental model supplies the ambient state, wind speed, solar irradiance,
and solar direction. A UDF updates the surface heat flux and temperature field. The
resulting nonuniform T; field is used as the aerodynamic wall-temperature boundary and
is integrated over the photovoltaic area and daylight period to obtain daily generated
electrical energy.

2.5. Energy Model

The energy model is used to evaluate the energy generation and consumption of the
airship under a day-night cycle. It is one of the core models for determining whether
the airship can maintain continuous station-keeping flight. This model mainly includes
three parts: daily power generation of the solar array, propulsion power consumption, and
energy storage demand analysis. The daily power generation is predicted efficiently by
a surrogate model.
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2.5.1. Daily Power Generation and Surrogate Model Construction

The heat-source terms on the surface elements of the solar array are shown in Figure 4.
The energy used for power generation is defined in the UDF program as part of the heat
loss of each surface element and is directly obtained from the high-fidelity calculation.

Diffuse atmospheric

‘} radiation

Direct solar A Infrared radiation
radiation A £
. External convection /
- =,

Power
generation
—

Heat conduction

Figure 4. Schematic of heat-source terms on solar array surface elements.

Similar to the construction of the aerodynamic surrogate model, nine independent
design variables were selected in this study. The physical meaning, range, and constraints of
each design variable are listed in Table 3. The LHS method was used to generate 180 training
samples. The daily power generation of each sample was obtained through high-fidelity
calculation, forming the input—output dataset required for surrogate model training.

Table 3. Prediction accuracy of different surrogate models for daily generated electrical energy.

Surrogate Model Type Accuracy Metric Relative Error in Egen (%)

MARE 3.61

RSM MAXRE 5.71

RRMSE 3.85

MARE 0.55

Kriging MAXRE 1.23
RRMSE 0.62

MARE 1.20

RBF MAXRE 1.52

RRMSE 1.24

Another 10 independent LHS samples were used to validate the RSM, Kriging, and
RBF energy surrogates. The MARE, MAXRE, and RRMSE values in Table 3 are relative
percentage errors normalized by the high-fidelity daily generated energy.

Figure 5 compares the high-fidelity daily generated electrical energy with the Kriging
predictions for the 10 validation samples.
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Figure 5. High-fidelity versus Kriging-predicted daily generated electrical energy for the
validation samples.
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It can be seen that the Kriging model gives the best prediction accuracy and the
strongest generalization capability among the three surrogate models. It can therefore
replace high-fidelity CFD simulation with good accuracy and enables fast prediction of the
daily power generation of the airship.

2.5.2. Propulsion Power Consumption and Energy Storage Demand Analysis

The thrust-system power Py,,; required to balance the total drag Dy at station-keeping
wind speed V is calculated as follows:

Diotv

TPlg

Prt = (2)
where Dy, is total drag, v is ambient wind speed, and #p and 1g are the propulsive and
gear efficiencies, respectively.

The total power demand Py is the sum of thrust-system power Py, ¢, payload power
Ppay, and control-system power Peont:

Prot = Pynrt + Ppay + Peont 3)

In this study, the control system power was set to 10% of the payload power.
The required daily energy Ereq includes the daytime demand and the stored nighttime
demand, including storage-conversion losses:

Prot tnight

(4)

Ereq = Ptottday +
Tlconv
where t4,y and tpigh are the daytime and nighttime durations, respectively, and #cony is the
energy storage conversion efficiency.

The day-night energy constraint is Egen — Ereq > 0, Where Egen, is the daily generated
electrical energy and Eyeq is the required daily energy.

3. Mass Estimation

The system mass model was used to evaluate the total mass of the airship. Together
with the buoyant lift provided by the envelope, it determines whether a design satisfies the
buoyancy-weight balance requirement. The buoyancy is calculated as follows:

B= Pa Vem}g )

where B is buoyant force, p, is ambient-air density, Ve, is envelope volume, and g is
gravitational acceleration.

The total mass of the airship is usually composed of the envelope structural
mass, energy system mass, propulsion system mass, payload mass, and other auxiliary
system masses.

The total mass of the structural subsystem is calculated as follows:

Mstrt = Mgas + Meny + Mfin + Myisc (6)

where mgas, Meno, Mgy, and mpys. are the gas, envelope, fin, and miscellaneous

masses, respectively.

MHE
Mpe = PaVeno g @)
e = Pa envar
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where My, and M,;, are the molar masses of helium and air, respectively.
Meny = 1.2pfubAgnV (8)

where p fab is the envelope-material areal density, and A,y is the envelope surface area; the
factor 1.2 accounts for reinforcements and installation items:

Mfin = 1.20f0p A fin )

Here, the coefficient 1.2 is also used to account for the additional weight caused by the
fin support structure and internal structure.
The surface area of the fins is estimated using the empirical formula proposed by
Colozza and Dolce [16], viz.,
Afin = 0.0121Veyy (10)

Colozza and Dolce derived A Fin /Veny = 0.0121 m~! from existing airships but did not
report a formal fineness-ratio calibration interval. Their representative high-altitude design
used f = 4.0; the present optimum f = 4.259 is close to this value. The relation is therefore
retained for conceptual estimation, with detailed stability and tail-load verification reserved
for later design stages.

The mass of other miscellaneous components of the stratospheric airship is taken as
25% of the total mass of the envelope, fins, energy subsystem, and propulsion subsystem:

Myise = 0.25(Meny + M fin + Mener + Mifyrt) (11)

The mass of the energy system is the sum of the solar array mass and the energy
storage system mass:
Mener = Mpy + Mstor (12)

The mass of the propulsion system is calculated as follows:

Miprt = Poyt / Wiyt (13)

where wyy,,; is the thrust-system specific power.
The total mass of the airship is given by

Mot = Mypp + Mstrt + Mener + Mpay (14)

During the optimization process, the system mass is used not only to construct the
objective function but also to compare with the effective buoyant lift of the airship, so that
whether a given design satisfies the buoyancy-weight balance constraint can be determined.
Therefore, the system mass model is an important link between shape design, energy-
system design, and overall feasibility analysis.

4. Optimization Problem Formulation
4.1. Optimization Framework

With the payload, station-keeping altitude, endurance time, and basic flight conditions
specified, the study now focused on improving the overall performance of the airship by
adjusting the envelope shape and solar array layout parameters. To fully consider the
effect of temperature rise on the aerodynamic characteristics and optimization results, the
multidisciplinary optimization framework shown in Figure 6 was established.
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Figure 6. Multidisciplinary optimization design framework for the airship.

4.2. Design Variables and Baseline Configuration
4.2.1. Design Variables

As described above, the design variables in this study include the envelope geometric
parameters and the solar array layout parameters, as shown in Figure 7.

A
To

Figure 7. Schematic of design variables.

Six parameters are used to control the geometric deformation of the envelope, includ-
ing the location of the maximum diameter, nose radius, tail radius, prismatic coefficient,
fineness ratio, and envelope length. These parameters define the envelope profile and
overall size. Three parameters are used to control the solar array layout, including the
starting position, ending position, and wrap angle of the solar array. They determine the
mounting position and circumferential coverage of the solar array on the envelope. The
design variables and their ranges are listed in Table 4.

Table 4. Design variables and value ranges.

Design Variable Range Unit
m 0.3-0.6 —
) 0-1 —
1 0.1-1 —
Cp 0.55-0.7 —
2.5-5 —
L 100-300 m
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Table 4. Cont.

Design Variable Range Unit
Y 20-100 m
Yy 50-200 m
P 50-180 deg

At the same time, some parameters are kept constant during the optimization process.
These parameters are treated as design constants and do not directly participate in the
optimization. Table 5 lists the design constants used in this study. Their values were
determined based on the assumed requirements of the user organization and the current
level of technology.

Table 5. Design constants and values.

Design Constant Description Value
Mpay Payload mass 500 kg
Ppay Payload power 3kW
Peont Control system power 0.3 kW
Nthrt Propulsive efficiency 90%
Npo Solar array efficiency 12%

4.2.2. Baseline Configuration

The geometric design of the envelope is a key part of airship design. In recent years,
several studies investigated optimal aerodynamic shapes for airships under different
application scenarios. As a result, several standard profiles were proposed, such as GNVR,
ZHIYUAN-1, and WANG. The envelope curves of these standard profiles are shown in
Figure 8.

0.5 05

04 041
GNVR

ZHIYUAN-1

03F 03

02F 02

> 0F

WANG
ZHIYUAN-1
GNVR

02F .
m/—\ "‘ﬁ
St S

WANG 04F

= L f L L
02 04 0.6 08 0 0.2 04 06 08 1
x: X

(c) (d)

Figure 8. Comparison of standard envelope profiles: (a) GNVR; (b) ZHIYUAN-1; (c) WANG;
(d) combined comparison.
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Table 6 lists the design-variable values of the above standard profiles. In this study,
the GNVR profile was selected as the baseline configuration for comparison. To verify the
importance of shape optimization, the first five design variables of the GNVR profile are
fixed during the optimization, while the envelope length and solar array layout parameters
are allowed to vary.

Table 6. Design-variable parameters of standard profiles.

Standard Profile m 0 21 Gy f
GNVR 0.415 0.600 0.180 0.615 3.044
ZHIYUAN-1 0.419 0.377 0.251 0.651 3.266
WANG 0.404 0.600 0.100 0.610 3.859

4.3. Objective Function and Constraints

The objective of this study was to obtain the optimum value of the objective function.
The objective function to be minimized is the total system mass of the airship, which is
calculated using Equation (15):

A single total-mass objective is appropriate because payload, altitude, location, and
endurance are fixed, while drag, propulsion power, photovoltaic area, storage demand,
and structural size all propagate into subsystem mass. Buoyancy and day—night energy
balance are imposed as feasibility constraints. A multi-objective formulation would be more
appropriate when mission-level quantities such as payload, endurance, cost, or robustness
are also treated as competing objectives [32]:

IMiN : Mot = Miot = My + Mstrt + Mener + Mpay (15)

During station-keeping, the constraints are 0 < Yf <LO0O<Y;<L, Yf —Y;>1m,
B —miorg > 0, Egen — Ereq > 0.

0< Yf <L
0<Ys <L
Yy~ Y.>1m (16)
B —myorg > 0, Iday = Idesign
Egen - Ereq >0, Iday = Idesign

The optimization problem is defined in Table 7.

Table 7. Definition of the optimization problem.

Variable Lower Bound Upper Bound Unit
Optimization Objective Mot — — —
m 0.3 0.6 —
) 0 1 —
n 0.1 1 —
Cp 0.55 0.7 —
Design Variable f 2.5 5 —
L 100 300 m
Ys 20 100 m
Yy 50 200 m
P 50 180 deg
Y 0 L m
Yf 0 L m
Constraint Yf —Ys 1 — m
mmtg 0 B N
Ereq 0 Egen kWh
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Finally, the mathematical formulation of the optimization problem can be written as
Equation (17):

min Miot

w.rt x € R"

st. 0<Y;<L
0<Y<L
Y~ Y >1m (17)
B —myrg > 0, Iday = Idesign
Egen - Ereq >0, Iday = Ia_TFsign

X = [ml ro, 71, Cp/f/ L/ YS/ Yf/ll]

4.4. Optimization Algorithm

To solve the multidisciplinary optimization problem of the airship established in this
study, the genetic algorithm (GA) [33,34] was selected as the optimization method.

The real-coded GA uses a population of 100, a maximum of 200 generations, crossover
probability 0.80, mutation probability 0.10, and five elite individuals. The run stops at
200 generations or when the relative change in the best feasible mass is below 107 for
30 consecutive generations.

GA is a stochastic optimization method with strong robustness and global search
capability. Unlike gradient-based optimization methods, GA performs a population-based
parallel search. It can examine multiple candidate solutions in the design space at the same
time, reducing the possibility of being trapped in a local optimum and improving the chance
of finding the global optimum, as shown in Figure 9. This method calculates the fitness
of each individual using the objective function and then updates the population through
genetic operations such as selection, crossover, and mutation. It has low requirements on
the analytical properties of the objective function and usually does not require the function
to be continuous or differentiable. Therefore, GA is suitable for engineering optimization
problems with many variables, strong nonlinearity, and a complex solution process.

90 - Global maximum: E

E Global minimum: D
Local maximums: A, C, G
80 Local minimums: B, F

70
60

50

Objective function

40

F

D
30 1 1 | 1 1
50 100 150 200 250

Design variable

Figure 9. Schematic illustration of global and local optima [35].

The multidisciplinary optimization design of an airship involves several disciplines,
including aerodynamics, thermal analysis, energy, and environment. These disciplines
are strongly coupled, and the design problem has a high-dimensional design space with a
wide range of variables. GA can adapt well to this type of complex optimization problem.
Related studies have also applied GA to the multidisciplinary optimization design of high-
altitude airships [32,36] and obtained good results, which indicates that GA is suitable for
solving the multidisciplinary optimization problem of airships.
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5. Results and Discussion
5.1. Comparison Between the Baseline Optimal Design and the Global Optimal Design

All the optimization results in this study were obtained for a stratospheric airship
deployed at a specific geographical location, namely Beijing. The configuration optimized
based on the GNVR profile is denoted as “Bas”, and the final optimized configuration is
denoted as “Opt”. Thus, Bas-Opt isolates the benefit of expanding the design space within
the coupled framework, not the isolated thermal effect.

Figure 10 compares the envelope geometries of the baseline optimal design (Bas) and
the global optimal design (Opt). The geometric differences between the two configurations
are mainly reflected in three aspects: the overall scale ratio, the location of the maximum
cross-section, and the contraction pattern of the nose and tail.

Bas
0 30 60 X 90 120 150
(a)
Opt
0 30 60 X 90 120 150
(b)

Figure 10. Geometric comparison between the Bas and Opt configurations: (a) Bas; (b) Opt.

e  Compared with the Bas configuration, the envelope of the Opt configuration is clearly
elongated in the axial direction, while its transverse bulge is reduced. The fineness
ratio is much higher, and the overall shape becomes slenderer and more streamlined.

e  The maximum diameter of the Opt configuration is still located in the fore-middle
part of the envelope, but the bulged region extends over a longer axial range. The
transition from the forebody to the midbody becomes smoother. Compared with the
Bas configuration, the connection among the forebody, midbody, and afterbody is
more continuous.

o  The nose of the Opt configuration is slightly sharper and longer, and the geometric
variation near the nose becomes smoother. This indicates a more refined nose curvature
distribution and a more streamlined nose shape. The tail is also clearly extended, and
the afterbody contraction becomes smoother. The optimized configuration reduces
the local curvature variation near the nose and tail and improves the continuity of the
overall shape.

Overall, the optimization process does not simply enlarge or shrink a local region.
Instead, it adjusts several geometric design variables in a coupled way, and these variables
jointly determine the overall shape characteristics of the airship.

Table 8 compares the design variables of Bas and Opt. Compared with the baseline
optimal design, the fineness ratio of the global optimal configuration increases from 3.044
to 4.259, and the length increases from 100 m to 122.6 m. The location of the maximum
diameter decreases from 0.415 to 0.326, and the tail radius decreases from 0.180 to 0.101.
These changes indicate that the optimized envelope becomes considerably slenderer, the
maximum bulge moves forward, and the tail contraction becomes sharper and thinner.
This is consistent with the previous parametric analysis, which shows that a larger fineness

https:/ /doi.org/10.3390/aerospace13090794


https://doi.org/10.3390/aerospace13090794

Aerospace 2026, 13, 794

15 of 22

ratio, a smaller tail radius, and a more forward maximum diameter location help reduce
drag. In terms of drag reduction, the total drag coefficient of the airship decreases from
0.03634 to 0.03287, with a reduction of about 9.55%. This indicates that the optimized
shape improves the aerodynamic performance and reduces the propulsion power demand,
thereby reducing the system mass.

Table 8. Comparison of design variables between Bas and Opt.

Design Variable Bas Opt
m 0.415 0.326
70 0.600 0.529
1 0.180 0.101
Cp 0.615 0.592
f 3.044 4.259
L 100 122.6
Y 40 21.9
Yy 87.5 68.5
P 180 180

Figure 11 shows the geometric characteristics of the solar arrays for the Bas and Opt
configurations. It can be seen that the difference in the solar array layout is mainly reflected
in the forward shift of the axial position and the reduction in the coverage length. In the
Bas configuration, the solar array is placed relatively far downstream. Its starting position
is near the middle of the envelope, and its ending position extends to the mid-aft region,
so the axial coverage accounts for a large proportion of the envelope length. In the Opt
configuration, the solar array moves clearly forward. Its starting position moves to the
fore-middle region, and its ending position also moves forward. As a result, the overall
coverage length is shortened, and the array is more concentrated on the fore-middle region
of the upper envelope surface.

Bas

Opt

(b)

Figure 11. Geometric characteristics of solar arrays for the Bas and Opt configurations: (a) Bas; (b) Opt.

Consistent with Table 8, the optimization does not further increase the axial coverage
of the solar array. Although placing the solar array mainly in the fore-middle region reduces
its total coverage length, it helps reduce the mass of the solar energy system. Accordingly,
the solar array surface area decreases from 2067 m? t0 2024 m?, corresponding to a reduction
of about 2.08%.

Table 9 compares the key output parameters of the Bas and Opt configurations. From
the overall output parameters, the envelope volume of the Opt configuration decreases
from 51,966 m> to 47,160 m3, corresponding to a reduction of about 9.25%. This indicates
that the optimization reduces the required overall scale, which is beneficial for lowering
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the mass of the envelope and the structural systems. Although the envelope surface area
increases from 7991 m? to 8224 m? and the total power generation decreases from 684 kWh
to 602 kWh, this result shows that the optimization does not take power generation capacity
as the dominant objective. Instead, it accepts a certain decrease in power generation while
satisfying the basic energy requirement, in exchange for a smaller volume, lower drag, and

smaller solar array area.

Table 9. Comparison of key output parameters between Bas and Opt.

Output Parameter Description Bas Opt
Veno(m3) Envelope volume 51,966 47,160
Aeno(m?) Envelope surface area 7991 8224
Apy(m?) Solar array surface area 2067 2024

Ca_tot Total drag coefficient of the airship 0.03634 0.03287
Egen(kWh) Daily generated electrical energy 684 602

Figure 12 shows the subsystem mass comparison between the Bas and Opt config-
urations. It can be seen that the Opt configuration has lower propulsion system mass,
energy system mass, and structural system mass than the Bas configuration, while the
payload mass remains unchanged. Therefore, the reduction in total mass after optimization
mainly comes from the combined decrease in these three parts, with the energy system
and structural system making the largest contributions. This trend is consistent with the
previous analysis. After optimization, the solar array coverage is shortened and the total
power generation decreases, while the propulsion power demand is also reduced. These
changes finally lead to a clear decrease in the mass of the energy system. The structural
system mass decreases from 2350.13 kg to 2230.84 kg, with a reduction of about 5.08%. The
energy system mass decreases from 1653.10 kg to 1307.27 kg, with a reduction of about
20.93%. This indicates that although the optimized envelope becomes longer and its surface
area increases slightly, the structural mass is still reduced because the overall volume and
system scale are decreased. The payload mass is fixed by the mission requirement and is
not adjusted during optimization, so it remains 500 kg.

2,500
B Bas
B Opt
2,000 -
1,500 -
on
o
=
g
1,000 -
500 -
0 | -_
Mypre Meper Mgy mliay

Figure 12. Subsystem mass comparison between the Bas and Opt configurations.

Opverall, the Bas configuration has a larger volume and higher power generation, but
this comes at the cost of higher drag and a larger system scale. The Opt configuration
reduces drag, decreases volume, and reduces the solar array area by increasing the envelope
fineness ratio and contracting the solar array layout. It is therefore more consistent with
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the optimization objective of minimizing the total system mass of the airship. This shows
that, for multidisciplinary optimization design of airships, the optimal design is not the
one with the best single performance metric, but a comprehensive result that achieves a
more reasonable balance among aerodynamics, energy, and mass.

The 9.55% reduction in C; is larger than the Kriging maximum relative validation
error (1.48%) and the RRMSE (0.78%). This comparison supports the aerodynamic trend; it
is not a formal uncertainty bound on the propagated total-mass result.

Based on the reported bounds and Bas—Opt changes, fineness ratio f and maximum-
diameter location m are the clearest aerodynamic design levers; the tail radius r; is also
important because the optimum approaches its lower bound. The solar array variables
affect drag mainly through the mapped temperature field and primarily control the energy-
system performance. This interpretation is consistent with the published global-sensitivity
trends in Ref. [29], although no new sensitivity indices are claimed here.

5.2. Effect of Date on Solar Array Performance

Because the incident solar radiation changes over the year, the power-generation capa-
bility of different regions of the same solar array also varies with season. Figure 13 shows
the power-generation contours of the solar array on three representative dates, namely the
winter solstice, summer solstice, and autumn equinox, and at three representative times,
namely morning (1 h after sunrise), noon (12:00), and evening (1 h before sunset). It can be
seen that the date changes the illuminated location and coverage on the solar array, which
then affects the overall energy absorption of the array.

Morning Noon Evening

T u EON . N m
Heatflux 0 20 40 60 80 100 Heatflux 0 20 40 60 80 100 Heatflux 0 20 40 60 80 100
()
Morning Ny Evening
NN . O . B
Heatflux 0 20 40 60 80 100 Heatflux 0 20 40 60 80 100 Heatflux 0 20 40 60 80 100
(b)
Morning N(/ Evening
EE . N m lE u
Heat flux 0 20 40 60 80 100 Heat flux 0 20 40 60 80 100 Heatflux 0 20 40 60 80 100
(©

Figure 13. Power-generation contours of the solar array on representative dates and at representative
times: (a) winter solstice; (b) autumn equinox; (c) summer solstice.
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Figure 14 shows the power-generation curves of the solar array for the three represen-
tative dates and times. The power output first increases and then decreases with time, and
the peak always appears at noon. Compared with the winter solstice, the peak power is
clearly higher on the summer solstice and the autumn equinox. The highest value occurs
on the summer solstice, with an increase of about 30%, while the autumn equinox is the
second highest, with an increase of about 20%. In addition, as the season changes from
the winter solstice to the summer solstice, the daylight duration gradually increases, from
8.5 h in winter to 11 h at the autumn equinox, and then to 14 h at the summer solstice.
This change is directly reflected by the obvious widening of the power curve along the
horizontal axis. The combined effect of higher peak power and longer sunshine duration
makes the power-generation capability on the summer solstice much higher than that on
the winter solstice. Therefore, the winter solstice is usually taken as the most unfavorable
condition for the annual energy supply of the system.

120,000
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[ 100,000 -
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z I
£ 60,000
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0 3 12 16 20 24 0 - 6
0 0 4 12 16 20 24
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Figure 14. Power-generation curves of the solar array on representative dates and at representative

12
Time/hour

times: (a) winter; (b) autumn; (c) summer; (d) comparison.

The above results show that the power-generation capability of each region of the solar
array is strongly affected by both the season and time of day. Therefore, in addition to the
geometric parameters of the envelope, it is necessary to include the geometric characteristics
and layout variables of the solar array in the multidisciplinary optimization framework.

5.3. Scope of the Thermal Comparison

A matched temperature-on/temperature-off comparison would require a second
temperature-independent high-fidelity database, independent surrogate validation, and a
new nine-variable optimization. The present archive contains only the temperature-coupled
dataset. Accordingly, the current results are interpreted as a coupled Bas—Opt design-space
comparison; a matched thermal ablation is retained as future work.
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6. Conclusions

This study focused on a stratospheric airship and investigated the aerodynamic—
thermal multidisciplinary design problem under temperature-rise effects. A multidis-
ciplinary optimization framework was established by coupling the environment model,
geometry model, aerodynamic model, and energy model. The optimization design was then
carried out with the objective of minimizing the total system mass. The main conclusions
are as follows:

o  To meet the needs of multidisciplinary optimization design of the airship, mapping
relationships between the design variables and the drag coefficient and daily power
generation were established using different surrogate modeling methods. By compar-
ing the prediction accuracy of different models, the Kriging model was found to have
the best overall accuracy and the strongest generalization capability.

e  The mass reduction of the airship system mainly comes from the combined decrease
in the propulsion, energy, and structural subsystems, with the energy and struc-
tural subsystems making more obvious contributions. The Opt configuration has
lower propulsion system mass, energy system mass, and structural system mass
than the Bas configuration. The structural system mass decreases from 2350.13 kg
to 2230.84 kg, with a reduction of about 5.08%, while the energy system mass de-
creases from 1653.10 kg to 1307.27 kg, with a reduction of about 20.93%. This indicates
that although the optimized envelope becomes longer and its surface area increases
slightly, effective system-level mass reduction is still achieved because the overall
volume decreases, the propulsion power demand is reduced, and the solar array area
is smaller.

e  The power-generation capability of the solar array changes clearly with season and time
of day. Therefore, in addition to the geometric parameters of the envelope, the solar array
layout parameters should also be considered in multidisciplinary optimization.
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Appendix A. Gertler Series 58 Polynomial Derivation

For completeness, the original derivation and Equations (A1)-(A22) are collected
below without changing their numbering:

y? = apx 4 apx® + azx® + .. 4 apx" (A1)
where a1, a3, a3, ... ,a, are determined by the shape parameters, including the location of
the maximum diameter (), the nose radius (r,), the tail radius (1), and the prismatic
coefficient (Cp), as shown in Figure 2.

To ensure that the generated shape satisfies the geometric constraints of the airship en-
velope, the polynomial coefficients are solved under the nose and tail boundary conditions,
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derivative conditions, and curvature conditions. Specifically, when x = 1, y = 0; when

x=m,y=1/2and Z—Z = 0. Thus, the following relations can be obtained:

ay+ay+az+...+a, =0 (A2)

2 3 n_}
am~+ aym” +asm’ + ...+ a,m =1 (A3)
ay + 2aym + 3azm® + ...+ na,m" 1 =0 (A4)

Further, the coefficients in the curve control equation should be expressed in terms of
geometric quantities such as the nose radius, tail radius, and volume. The corresponding
linear system is then established. In general, the radius of curvature R of the curve can be

written as
1 AX\ 2 3/2
ay?
This equation can be nondimensionalized as
3/2
1 12 (dx\?
dy?
Taking successive derivatives of Equation (A1) with respect to y gives
2y = (al +2mx+...+ na”’1> d—x (A7)
n dy

42 dx\?
2= (al +2ax + ...+ naﬁ*) d—yﬁ + {2112 +...+nn-— 1)aﬁ’2} (d;) (A8)

In Equation (A7), if a1 # 0, then x = 0 and g—; = 0. Substituting these conditions into

Equation (A8) gives 227’2‘ = % Further substituting this result into Equation (A6) gives the
relationship between the curve control equation and the nose radius of curvature:

a = 2r, (A9)

If a9y = 0, then r, = 0, which means that the nose of the envelope is sharp and
corresponds to x = 0.
Similarly, when x = 1, y = 0, from Equation (A7), it can be seen that g—; = 0. Therefore

a1+2a+3a3+...+na, =0 (A10)

Combining Equations (A6) and (A8) gives the relationship between the curve control
equation and the tail radius of curvature:

ay+2ay 4+ 3a3+ ... +na, = —2r (A11)

At x =1, r; = 0, which means that the tail is sharp.
The volume V of the airship envelope can be expressed as

1 1
V= / Y2dX = 7l / dx (A12)
0 0
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Substituting y? in Equation (A1) gives the relationship between the curve control
equation and the prismatic coefficient:

1 1 1 1 1
- - - eit——a, =~ Al
2611 + 3ﬂ2+ 4613 + + Tl—l—lan 4Cp (A13)

In summary, all the constraints for the sixth-order polynomial can be written as follows:

¥ (0)=0 (A14)
v?(1) = a; +2a +3a3 + ... +na, =0 (A15)
d
% a2 (A16)
dy
P = ay+2ap +2a3+ ... +na, = —2r; (A17)
1
2 2 3 n _1
y-(m) = aym + aym” +asm> + ...+ aym =1 (A18)
dy 2 n—-1
a|m = ay + 2aom + 3asm” + ...+ na,m" " =0 (A19)
1 1 1 1 1 1
2 1 1 1 o 1
/0 y (x)dx:>2a1+3a2+4a3+...+n+1an 4Cp (A20)

A linear system is then established and rewritten in matrix form:

AX =B (A21)
11 1 1 1 1] [a] [ 0]
1 0 0 0 0 0 ap 2t,
1 2 3 4 5 6 as —2r
m m* md m* m® mb ay N % (A22)
1 2m 3m? 4m® 5m* 6m°| |as 0
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