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Abstract

Hypersonic vehicle has the characteristics of fast speed, long range, flexible mobility and rapid response,
which can meet the needs of high-tech war and rapid transportation for military and civil use in the future. It
has important strategic significance and high application value. Therefore, hypersonic vehicle technology is
closely related to national security as a new frontier technology in the field of aerospace. Hypersonic vehicle
represents the future direction of aerospace technology development, and is one of the focuses of aeronautics
and astronautics research. An aerodynamic-thermo-structure coupling mechanism is proposed to achieve the
integrated optimization of hypersonic wing surface in this paper. The results show that the structure is more
favorable to heat load transfer after optimization. The results show that the proportion of thermal deformation
in the total deformation decreases after the optimization design, which makes the structure form more
favorable for heat load transfer.

Keywords: Hypersonic flight vehicle, Aero- thermo-structure coupling analysis, Topology optimization, Variable
density method

1. Introduction

Hypersonic vehicles are defined as the aircrafts that are capable of flying through the atmosphere in
a hypersonic speed five times faster than the sound.

The study of hypersonic vehicle began in 1949 when a WAC Corporal rocket transformed from a V-2
rocket captured by the United States was officially fired, which started the development of
hypersonic vehicle!". Then, NASA developed the X-15 rocket-powered vehicle around the 1960s,
which represented the direction of early hypersonic vehicle development®®® Subsequently, in the
mid-1980s, the United States launched the National Aerospace Plane Program (NASP), which is the
beginning of modern hypersonic vehicle research. In the research of hypersonic vehicle, how to
meet the requirements of aerodynamic, thermal, structure, material, stealth, flight trajectory and
other aspects of the aircraft through optimization and comprehensively improve the overall
performance has always been the focus of research in various countries P17l

Generally speaking, Mach number 3-5 is taken as the boundary point between supersonic and
hypersonic®®l. Hypersonic flow has many important inherent characteristics. The viscous coupling
between the outer inviscid flow, the boundary layer and the shock wave in the airflow becomes very
prominent®. The atmosphere dissociates and even becomes plasma, resulting in a chemical
reaction boundary layer. This complex dynamic-thermal problem can only be analyzed by solving
the complete unsteady Navier-Stokes (NS) equation while considering the real gas effect, which is a
huge computational challenge®.



Therefore, during hypersonic flight, aerodynamics, structure, thermology and other disciplines are
coupled with each other and form a complex hypersonic aerothermoelastic problem!". As a difficult
and key problem in this field, massive research has developed in many aspects, but a little is
focused on the wing structure optimization of hypersonic vehicle.

In this paper, an advanced topology optimization framework for the wing structure of hypersonic
flight vehicle using aero-thermo-structure coupling analysis is proposed. Based on the variable
density method SIMP for continuum structure, a specific example model is analyzed to test this
optimization framework.

2. Methodology

Aerodynamic heating, thermal conduction, aerodynamic force and structural deformation of the
hypersonic vehicle are not simple unidirectional effects!. The accuracy of the one-way coupling
analysis method is low because it rarely includes the feedback effects of structural deformation on
airflow distribution and aerodynamic forces. The calculation process of the aero-thermo-structure
three-field coupling analysis framework!" for a hypersonic wing structure involves the separate
solution of several disciplines and the interdisciplinary iterative solution, including aerodynamic force
calculation at hypersonic speed, aerodynamic heat calculation, thermal conduction calculation,
structural static/dynamic analysis, and the coupling analysis among them.

2.1 Aero-thermo-structure coupling analysis framework

Although the three-field coupling problem of hypersonic velocity is a complex multi-disciplinary

coupling problem, the process is quite intuitive. From the perspective of action mechanism, this

paper explains the process of hypersonic three-field coupling problem.

1) The airflow flows across the surface of the aircraft to generate aerodynamic force and
aerodynamic heat;

2) Aerodynamic force deforms the structure, changes the surface of the aircraft, and in turn affects
aerodynamic force;

3) On the other hand, through heat conduction, the aerodynamic heat flow gradually changes the
temperature of the structure and affects the elastic modulus of the structure, thus influences the
structural deformation. Meanwhile, the thermal strain caused by the uneven distribution of
temperature generated by heat conduction also affects the structural deformation, and then
affects the aerodynamic force. In addition, the new structure surface temperature distribution
also affects the aerodynamic heat flow;

4) When the heat flow input of aerodynamic heat and the heat dissipation of the structure reach the
balance (generally can be judged by the change of thermal load), the whole three-field coupling
problem reaches the final balance.

The flowchart of the above hypersonic three-field coupling process is shown in Figure 1. The serial

numbers in the figure correspond to the above four steps respectively.

In this paper, the coupling relationship between various disciplines is analyzed, some sub-problems

are decoupled, and the coupling problem is solved by iterative method. The focus of this paper is the

construction of the comprehensive optimization framework for the wing structure of hypersonic
vehicle. Therefore, the following four aspects are set:

1) Choose a flexible loose-coupling method as calculation method;

2) Use the two-way coupling method, as the double rhomboid trapezoid wing commonly used in
literature as the example is obviously affected by aerodynamic heat.

3) Only considers the strong coupling problem, as the weak coupling relation has little influence on
the three-field coupling process

4) Only structural static aeroelastic analysis is considered in the aeroelastic analysis of the
three-field coupling analysis framework.



Based on the three-field coupling analysis ideas above, the three-field coupling analysis process in
Figure 1 is extended to obtain the analysis framework for aerodynamic-thermo-structure coupling
problems of hypersonic vehicle in Figure 2.
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Figure 1 Hypersonic three-field coupling process
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Figure 2 Aerodynamic-thermo-structure coupling analysis framework of hypersonic vehicle

The solution of aerodynamic-thermo-structure coupling problems of hypersonic vehicle can be
divided into the following four main steps according to the above analysis framework:
1) Input the initial flight state, aerodynamic shape and temperature distribution to carry out the



iterative coupling analysis of the inner cycle of the aeroelastic module until the structural
displacement converges;

Input the local airflow parameters obtained after aeroelastic convergence and the wall
temperature of the structure at this moment into the thermal environment analysis module.
Obtain the surface heat flux by aerodynamic thermal analysis and the new structure temperature
distribution and temperature variation by heat conduction analysis.

Obtain the new material properties of the structure from the new temperature distribution of the
structure, the thermal strain according to the temperature change, and the corresponding
equivalent thermal load according to the load stiffness matrix obtained from the static analysis of
the structure. Thus, an outer cycle calculation is completed.

If the thermal load at this time still changes greatly compared with the thermal load of the outer
cycle of the previous generation, the thermal load will be input into the aeroelastic analysis
module to conduct aeroelastic analysis together with the aerodynamic load and inertial load; if
the thermal load change is smaller than the threshold or the maximum number of iterations of the
external cycle is reached, the three-field coupling analysis will be finished and the analysis
results will be output.

The analysis and solving of the four disciplines of aerodynamic force, aerodynamic heat, thermal
conduction and structural static/dynamic analysis are mainly involved in the three field coupling
analysis of hypersonic aircraft.

In order to improve the calculation speed and accuracy and the engineering practicality of the
integrated optimization structure topology, the specific methods are as follows:

(1) Aerodynamic calculation: use the engineering method combining the shock/expansion wave
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e

theory and the local flow piston theory to provide the flow field parameters.
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Figure 3 Shock/expansion wave theory Figure 4 The local flow piston theory
The oblique shock wave formulal' is
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The formula of local flow piston theory!'” is as follows:
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The subscript local represents the local airflow parameter.

(2) Aerodynamic heat calculation: use Eckert reference temperature method!"® and blackbody

radiation method!""".
The calculation formula of Eckert reference temperature method is as follows!™® :

T =0.5T,+0.227. +0.28T, (3)



(4)
()

Where T, is the wall temperature; 7, is the temperature at the outer edge of the boundary

layer, namely the local temperature of the flow field; 7. is the recovery temperature.

ls

For compressible flows, the compressible modified Reynolds analogy is:

*

S = o

(4)
Heat flux calculation formula can be used in plate heat flux formula:

Qaero = peuecp (7:’ - Tw ) St* (5)

Since the surface of the panel at hypersonic speed is non-black body, the radiation heat
dissipation formula is:

0,4 =0s(T) -T)) (6)

Where O is Stanford constant. 5.669E-8W /m2/T4, ¢ is the emissivity of non-blackbody
surface radiation.

Heat conduction calculation: use the Crank-Nicolson difference format based on the finite
element method" to solve the analysis of transient thermal conduction problem®.

The global finite element equation of the transient temperature field of the structure can be
established by Galykin weighted residual method and element shape function as follows:

CT+KT=P 7)

Where C is the overall heat capacity matrix, K is the overall temperature stiffness matrix,

and P is the overall load column vector.
Crank-Nicolson difference format is:

T, T =41 _, T()-T(t—A)
ot ot At

Substitute it into Equation (7), then

(02 )= rop s pe-anp+ ok fire-an) @

Structural static/dynamic calculation: use the finite element method.
Thermal load analysis: use the thermal load equivalent method.
The force model for examining an element is

T T\ _ T _ T
'[QEB D(z-¢ )—'[QQB D(Bu-¢")=F, (10)
Where, B is the strain matrix, and Dis the stress-strain relation matrix in the constitutive

equation @ = De

e =[el & & oy AT (11)
Then for the global finite element equation,

KU=F+ZIQ B D¢’ (12)

Therefore, the thermal strain generated by the temperature gradient is equivalent to adding a



thermal stress load term to the right end of the original static balance equation of the structure,
which is called the thermal load F,

F,=Y jﬂe B D¢’ (13)

2.2 Structural topology optimization with variable density method

SIMP (Solid Isotropic Microstructures with Penalization) material interpolation model®?? js adopted
in the topology optimization method of variable density method, with the formula as follows

E=p’E, (14)

The minimum compliance under the constraint of volume ratio (structure weight) is taken as the
precondition for solving the structural topology optimization. The mathematical model is expressed
as

Find:p:{pl,pz,...,pe}T eR",e=12,.,N

N N
Min: C(p)=F'U=UKU=Y u"ku,=>(p.) u kyu, (15)
re e=1 e=1
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st KU=F
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In the formula, C is the value of structural compliance; K, U and F represent the total
stiffness matrix, total displacement and total load of the structure respectively. ¥, represents the

initial structure volume, V' represents the structure volume of the optimization result, and f
represents the ratio of the volume ratio to the previous two. p, . and p_. limit the variation range
of topological variables, which is mainly used to avoid the singularity of finite element analysis.
Usually, the lower limit of topological variables can be setas p_ =107,

2.3 Comprehensive optimization framework

Based on the finite element method, the construction of the comprehensive optimization framework

of the wing structure of hypersonic vehicle is achieved by nesting one layer topology optimization

module outside the three-field coupling analysis framework shown in Figure 2.

The specific calculation process is described as follows:

(1) Define the initial conditions associated with the sublogy
The flight conditions and the initial wall temperature are defined in the program.

(2) Update the finite element model for the three-field coupling analysis according to the density
threshold
The optimization area and the non-optimal area are divided based on the existing finite element
model. As the design variable, the density properties are set separately for each element in the
optimized area. The finite element model of the new wing surface topology is adjusted by the
predetermined density threshold as the calculation model input for the three coupling analysis.

(3) Aerodynamic-thermo-structure coupling analysis
In view of the aerodynamic-thermo-structure coupling analysis framework of Figure 2, perform
the aerodynamic-thermo-structure coupling analysis and convergence judgment: if the iteration
step is reached, terminate the loop and output the result. If not, update aerodynamic shape,
temperature field distribution and structure property, continue to loop.

(4) Perform the structure topology optimization based on the variable density method



Use the variable density method for topology optimization design based on the SIMP model®?*I?4].

Define the problem of topology optimization: define the objective function and constraints. The
optimization variable is element density. The optimization process is as follows:

1) The temperature distribution, the stiffness matrix K, of the heated structure and the
thermal deformation U, after the three-field coupling analysis are read from the program.

The thermal load of the equivalent thermal load is calculated by the formula F, =K U, ,

and is superposed with the aerodynamic force to obtain the total load and update the load
condition.

2) The total load is taken as the boundary condition for the compliance calculation. After the first
step of topology optimization, the program stops and the element density distribution in the
optimization results is output.

3) Compare the two optimization results. When the volume ratio difference of the structure is
less than the given convergence condition (the value of &) or the maximum number of
optimization steps is reached, the optimization ends. Otherwise, read the density
optimization result, update the structural element density;

4) Screen the element density according to the density threshold. The elements with density
value greater than or equal to the threshold value are left, and the rest elements are deleted.
The finite element calculation model of the wing structure is updated, and the three-field
coupling analysis is carried out again to enter the next generation topology optimization cycle

calculation.

chﬁm: initial conditions

Update finite element model
based on density threshold
Perform the aero-thermo-structure
three-field coupling analysis
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Figure 5 Flowchart of Integrated Optimization of Hypersonic Wing Structure

3. Modeling and strategy

3.1 Aanalytical model
The hypersonic wing structure model used in this paper is a typical wing structure of hypersonic



vehicle with a small ratio and rhombic airfoil. The main geometric parameters of the model are
shown in Figure 6: the chord length of the wing root is ¢ =5200mm , the sweepvangle of the leading

edge is 34", the sweep angle of the trailing edge is 18°, and the maximum thickness of the wing
structure is d =(0.04c+15.2)mm , where 15.2mm=4x3.8mm , 3.8mm corresponds to the

single-layer thickness of the thermal protective layer on the upper and lower wing surfaces.
The finite element solid model and constraint conditions are shown in Figure 7.

The flow direction
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i

Q 0.04¢+15.2mm

Figure 6 Schematic illustration of geometry
parameters of hypersonic wing structure

Figure 7 Solid finite element model of wing
structure of hypersonic vehicle

3.2 Aerodynamic-thermo-structure coupling analysis parameters

The parameters of hypersonic Aerodynamic-thermo-structure coupling analysis are set as follows:

1) The Mach number is 8, the altitude is 15km, the angle of attack is 6°;

2) The initial temperature of the structure is 300K. In heat conduction analysis, the air specific heat
ratio is 1.4, Plant number is 0.86, and the radiation emissivity is 0.85;

3) The time interval is 4s and the total computation time is 100s for the time scale of the
aerodynamic heat flow and transient heat conduction.

3.3 Comprehensive optimization parameter

Based on the finite element model, the structure layer is divided into the optimization area (blue area
in the center) and the non-optimization area (green area around), as shown in the figure below, after
removing the non-optimization area of thermal protection layer and thermal insulation layer.

RN, -

Figure 8 Schematic illustration of finite element
optimization area (blue) and non-optimization
area (green)

Figure 9 Schematic diagram of temperature
monitoring points of structure

The objective function of topology optimization of the wing structure is defined as the minimization of
structure compliance. The design variable is element density. Constraint conditions are that the
structure volume ratio is less than 60%, and the displacements of the front and rear edge points of
the wing root and tip and midpoint of the wing tip are less than 150mm. The element density



screening threshold of the updated finite element model is 0.5.

The parameters of the topology optimization are set as follows:

The Maximum Design Cycles (DSEMAX) limit is set as 50.

The Lower Bounds (XLB) of element density is set as XLB=0.001.

The Penalty Factor (1.0<POWER<=6.0) is set as POWER=3.

The maximum value of the design variable for each generation (Move Limit, 0.01<=DELXV<=0.5) is
set as 0.2.

The Minimum Member Size (TDMIN>0.1) is set as TDMIN= 200.

Set the number of topology optimization steps to 1.

4. Design results

4.1 The Aerodynamic-thermo-structure coupling analysis results of the original model

The Aerodynamic-thermo-structure coupling analysis is performed on the original model for
comparative analysis with the subsequent optimized model.

In order to demonstrate the changing process of wing surface temperature during flight, the
temperatures at 8 different structure positions as shown in Figure 9 are monitored. Points No.1 to
No.4 correspond to the leading edge, trailing edge, lower vertex and upper vertex of the tip of the
wing surface; points No.5 to No.8 correspond to the leading edge, trailing edge, lower vertex and
upper vertex of the wing surface root.
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Figure 10 Temperature change process at points Figure 11 Temperature change process at points
1, 2, 5 and 6 of the wing structure 3, 4, 7 and 8 of the wing structure

As shown in Figure 10 and Figure 11, during the flight time of 600s, the temperatures at the front and
rear edges of the wing tip and wing root are relatively high, exceeding 1000K, and gradually tend to
a certain stable value. The temperatures at the lower vertex and the upper vertex are better than that
at the front and rear edges, and the temperatures rise slowly. Until 600s, the temperatures are still at
420K in the stage of slow rise.

Figure 12 to Figure 15 respectively show the pressure and heat flow distribution on the upper and
lower surface of the airfoil at Os and 600s.

At the time of 600s, the pressure is unevenly distributed on the whole wing surface due to the
influence of the deformation of the wing structure. With the positive angle of attack, the aerodynamic
pressure on the lower wing surface is higher than that on the upper wing surface, and the maximal
pressure appears near the leading edge tip.

By comparing the heat flow distribution at Os and 600s in Figure 14 and Figure 15, the heat flow on
the wing surface in the initial flight state is far greater than that after 600s flight. This is because as
the hypersonic flight time increases, the surface temperature keeps rising and the aerodynamic



heating and radiative heat dissipation of the aerodynamic surface gradually reach a balanced state.

Pressure

Figure 15 Heat flow distribution on the surface (left) and lower surface (right) of the airfoil at 600s

4.2 Topology optimization process of wing structure

Under the above optimization conditions, the hypersonic wing structure finally tends to converge
after 17 generations of iterative calculation of topology optimization, and the convergence process of
the structural compliance and optimized area volume ratio is shown in Figure 16 to Figure 17.
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Table 1 The deformation, compliance and volume ratio of the wing structure in the optimization

process

Iteration v Imm v Imm u__fmm c W The vglume

number ' ' ratio

O(Initial

value) 154 102 113 7.1985E+12 100.0%
1 15.6 101 113 7.2398E+12 80.0%
2 18.7 96 110 7.2167E+12 64.0%
3 19.0 99 113 7.1952E+12 61.2%
4 18.9 100 114 7.2140E+12 60.0%
5 19.0 101 115 7.1989E+12 60.0%
6 18.9 104 117 7.1871E+12 60.0%
7 19.0 107 122 7.1789E+12 60.0%
8 19.0 111 126 7.1752E+12 60.0%
9 19.0 112 127 7.1776E+12 60.0%
10 18.9 111 125 71A727E+12 60.0%
11 18.8 109 123 7.1724E+12 60.0%
12 18.8 107 122 7.1726E+12 60.0%
13 18.7 110 125 7.1680E+12 60.0%
14 18.7 112 127 7.1780E+12 60.0%
15 18.8 113 128 7.1795E+12 60.0%
16 18.8 115 129 7.1790E+12 60.0%
17 18.9 113 128 7.1800E+12 60.0%
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Figure 18 The proportion of thermal deformation in the total deformation

As can be seen from the results in the figures above, the structure compliance decreases and
gradually converges to 7.18E+12. The volume ratio of the optimized region decreases rapidly from
100% to 60%, reaching near the boundary condition. In the iterative optimization process, the

maximum displacement u,_ . under the action of aerodynamic force, the maximum displacement

Uy uUnder the action of thermal load, the maximum displacement u  under the action of

resultant force and the compliance C of the structure are shown in the following table. It should be
noted that all displacements in the table are the statistical results at time of 100s.

As can be seen from the data in Table 1, with the process of structural topology optimization, the
change of structural element density makes the structure develop in a direction more conducive to
thermal load transmitting. Although the volume ratio decreases greatly (from 100% to 60%), the
maximum thermal deformation changes mildly and the maximum displacement under aerodynamic
load only increases slightly, indicating that the topology optimization can partly reduce the
accumulation of thermal load. In addition, although both thermal deformation and aerodynamic
deformation increases after 17 iterations, the proportion of thermal deformation in the total
deformation decreases, as shown Figure 18.

After 17 generations of topology optimization, the topology form of the structure is gradually
optimized from the solid configuration of the initial (n=0) to the perforated structure with obvious
topology form in the 17" generation (n=17).

n=0

Figure 19 Topology optimization process of Figure 20 Schematic diagram of remaining
airfoil structure elements in the optimized area after screening

After screening according to the density threshold of 0.5, the schematic diagram of the remaining
structure can be obtained as shown in Figure 20. Based on the remaining structure after screening,
the element density distribution in the optimal area of hypersonic wing structure is presented in



Figure 21 and Figure 22.

Flgure 21 The density distribution on the upper Figure 22 The density distribution on the lower
surface of the region after optimization surface of the region after optimization

It can be seen that there are four obvious transverse structures and most elements are retained on
the lower wing surface of the inner wing segment. The result is related to the distribution of
aerodynamic and thermal loads on the wing structure. The temperature of the lower surface is higher,
the aerodynamic force and thermal load are greater than that of the upper surface, so more
structures are needed to support the lower wing surface. The maximum displacement under thermal
load occurs at the leading edge of the wing root, so more high-density elements are needed to
strengthen the structure.

The temperature, pressure and heat flow distribution obtained from the three-field coupling analysis
of the optimized wing structure are shown in the figure below. According to the optimized structure
temperature distribution at 100s in Figure 24, it can be seen that at this time, the wing structure layer
has not been fully heated and the structure temperature is generally lower than 350K, which is
consistent with the temperature variation rule of upper and lower vertices inside the original model
structure in Figure 11.

As can be seen from the optimized heat flow distribution on the wing surface at 100s in Figure 26,
the heat flow at this time is of the order of 10*, which is small compared with the initial heat flow size
of 10° in Figure 14, indicating that the temperature of the aerodynamic surface is slowly approaching
stability, which is consistent with the temperature variation rule of the original model near the front
and rear edge monitoring points on the wing surface in Figure 10.

Figure 23 Temperature distribution of the upper surface (left) and lower surface (right) of the
optimized wing surface at 100s

Figure 24 Temperature distribution of the upper surface (left) and lower surface (right) of the
optimized wing structure layer at 100s
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Figure 25 Pressure distribution of the upper surface (left) and lower surface (right) of the
optimized wing surface at 100s
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Figure 26 Heat flow distribution of the upper surface (left) and lower surface (right) of the
optimized wing surface at 100s

4.3 Smooth processing of topology optimization results

As shown in Figure 20, the structure of the wing after density screening is not clear enough with
many scattered structures. In order to be applied in engineering practice, the optimized result needs
to be processed.

As can be seen from the optimized density distribution of hypersonic wing structure elements in
Figure 21 and Figure 22, there are four obvious (element density is about 0.8) transverse structures
(in the flow direction) on the wing surface and two obvious longitudinal structures (in the direction of
wingspan) on the middle chord of the lower surface of the wing surface. The lower wing retains most
of the elements. Referring to the wing structure with reinforced plates, the topology of the wing
structure is shown in the figure below after processing the optimized area.

The maximum aerodynamic deformation, the maximum thermal deformation and the maximum total
deformation of the processed hypersonic wing structure are obtained by the three-field coupling
analysis. The results are compared with the original model and the optimized model as shown in
Table 2.

By comparing the proceeded and optimized wing structure models, it can be seen that the overall
deformation ratio increases slightly while the volume ratio increases from 60% to 67.3%.This is
mainly because the smoothing process is manually revised by experience, and some of the
additional reinforcing structures may be redundant, but it is acceptable from the perspective of
engineering manufacturing.

Figure 27 The processed optimized wing structure



Table 2 Comparison of wing structure deformation and volume ratio

Results at 100s Uy /MM Uy 7 /MM u,_/mm The ratio of
volume
The original model 15.5 102.6 112.5 100%
Th timizati
© optimization 18.9 113.6 128.3 60.0%
model
The processed model 19.2 113.8 128.1 67.3%

4.4 Three-field coupling analysis and verification of the processed wing structure

The three-field coupling analysis with a flight duration of 600s is performed for the processed
structure as calibration. Figure 28 to Figure 31 show the temperature, pressure and heat flow
distribution of the processed structure. By comparing the results of the three-field coupling analysis
for the original model, it can be seen that the temperature distribution and pressure distribution of the
aerodynamic surface of the processed wing structure are similar to those of the original model. The
temperature of the internal structure layer increases a little. The isothermal curve at about 600K
shrinks slightly towards the center of the structure. The heat flow distribution results show that
although the processed model and the original model are both in the heat flow equilibrium state, the
heat flow in the hole area of the structure is negative, indicating that the heat dissipation capacity of
the optimized structure is enhanced..

Figure 28 Temperature distribution of the upper surface (left) and lower surface (right) of the
processed wing surface at 100s
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Figure 29 Temperature distribution of the upper surface (left) and lower surface (right) of the
processed wing structure layer at 100s

Figure 30 Pressure distribution of the upper surface (left) and lower surface (right) of the
processed wing structure layer at 100s
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Figure 31 Heat flow distribution of the upper surface (left) and lower surface (right) of the
processed wing structure layer at 100s

It can be seen from Table 2 that the deformation of the processed structure is more obvious than that
of the original model. Therefore, the variation curves of the maximum aeroelastic deformation and
the maximum thermal deformation with time and the distribution cloud map of the wing structure
deformation at 600s are presented in Figure 32 to Figure 36.

The aeroelastic deformation of the processed structure increases significantly compared with the
original model, while the temperature distribution of the internal structure layer of the wing surface
changes slightly after optimization. Therefore, the increase of aeroelastic deformation at 600s is
mainly affected by the reduction of stiffness after material reduction.

In addition, the aeroelastic deformations at Os, extreme point, 200s and 600s of the processed
structure are compared with those of the original model, as shown in Table 3.
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Figure 33 Thermal deformation curve at the
maximal displacement

Figure 32 The displacement at the maximum
aeroelastic deformation

Table 3 Comparison of aeroelastic deformation of wing structure

The aeroelastic Uy Ug Auy Ung Auyy U Augy,

deformation /mm /mm /mm /mm /mm /mm /mm

The original model 13.77 16.26 2.49 15.27 1.50 15.69 1.92

The processed

16.74 20.46 3.72 18.80 2.06 19.32 2.58
model

The symbol A in Table 3 represents the deformation deviation between this moment and 0Os. By
comparing Au, of the processed structure and the original model, the reduced stiffness has a
greater influence on the extreme value, and the processed structure is more susceptible to the
impact of thermal load. In addition, according to Au,,, , the variation of the aeroelastic deformation



of the processed structure with a stable thermal environment relative to the initial value is also
greater than that of the original model. However, by comparing Au,, and Auw,,,, it can be seen

that the growth rate of aeroelastic deformation with time remains unchanged after the thermal
environment is stable before and after optimization.

Table 4 Deformation comparison of airfoil structure

Deformation uj /mm ul, /mm ul. /mm g, /mm
The original model 16.26 15.69 123.63 81.68
The optimization model 20.46 19.32 140.62 89.40
The processed model 4.20 3.63 16.99 7.72

Figure 34 The overall deformation diagram of the Figure 35 The aeroelastic deformation diagram
processed wing structure at 600s of the processed wing structure at 600s

Figure 36 The thermal deformation diagram of the processed wing structure at 600s

The thermal deformation results in Figure 33 show that the reduction of structural layer material has
little influence on the thermal deformation after the thermal environment is stable, but a big influence
on the thermal deformation of the extreme point, and a similar influence on aeroelastic deformation
as shown in Table 4 (Superscript A for aeroelastic deformation, T for thermal deformation, E for
extreme value).

5. Conclusions

In this paper, a comprehensive optimization framework of wing structure for hypersonic vehicle is
established, and the comprehensive optimization design of a typical wing structure of hypersonic
vehicle with a small ratio and rhombic airfoil is carried out. The results of optimization process and
structural deformation of the wing structure are compared and analyzed. After the topology
optimization, the structure compliance is reduced, the mass decreases, and the volume ratio and
displacement meet the specified constraints. As the optimization goes on, the proportion of thermal
deformation in total deformation decreases gradually, and the heat loads transfer more favorably
with the optimization. After smoothing the optimized results, a hypersonic wing topological structure
is obtained with clear structure form close to engineering practice.
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