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(e metallic thermal protection system (MPTS) is a key technology for reducing the cost of reusable launch vehicles, offering the
combination of increased durability and competitive weights when compared with other systems. A two-stage optimization
strategy is proposed in this paper to improve thermal and mechanical performance of MTPS while minimizing its weight.
Sensitivity analysis is conducted to determine the influence of various design variables, and these variables are classified into two
groups according to the results. (ree main parameters are optimized in the first-stage optimization, and others are optimized in
the second stage. Combining the response surface method with genetic algorithm ensures the computational efficiency of this
strategy. Optimum results show that the thermal insulation capability ofMTPS is improved by 20%with little mass cost, validating
the feasibility of this optimization strategy.

1. Introduction

Hypersonic vehicles have to withstand extremely high
aerodynamic heating and pressure loads during flight, which
makes thermal protection system a key factor for flight
security. Considering themaintenance costs and turnaround
time between flights, the metallic thermal protection system
is now widely used on middle temperature district of hy-
personic vehicles. A large number of research works ana-
lyzing the performance of a particular design configuration
have been done in recent years. However, there is little
information available to indicate how to improve the per-
formance of the MTPS.

Blosser [1, 2] derived an approximate equation to predict
the thickness and mass of insulation required to limit the
maximum temperature reached by an insulated structure.
(e result was compared with a one-dimension finite ele-
ment heat transfer model. Xie [3] built a simplified heat
transfer model for a multilayer insulation system based
on which the globally convergent method of moving as-
ymptotes method was utilized for searching optimal solu-
tions. Results show that the usage of multilayer insulation

materials can save more than 17% weight compared with
single-layer insulation. Ji [4] built a two-dimension nu-
merical model to investigate the combined radiation and
conduction heat transfer in multilayer insulations. It turned
out that an optimal number of insulation layers for best
thermal performance exists. However, these works focus
merely on the insulation, ignoring the influence of other
components on MTPS performance. Poteet [5] developed a
coupled iterative analysis process to perform sensitivity
studies and to size the MTPS system preliminarily. A special
one-dimensional finite element thermal analysis model was
established and then combined with static defection and
failure mode analysis to obtain minimum weight configu-
rations. However, it is impossible to simulate detailed
temperature distribution according to this model. Blosser [6]
built a two-dimensional model of MTPS and analyzed the
key factors that govern the performance of MTPS. (e heat
capacity of the underlying structure was found to have the
greatest effects on thermal performance. Ng [7, 8] analyzed
the thermomechanical behaviour of the damaged thermal
protection system and examined the effect of damage lo-
cation using a three-dimensional finite element model.
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Zhang [9] studied the effects of different material combi-
nations on performance of pyramidal core sandwich panels.
(ey also investigated some specific design variables which
are significant for thermomechanical properties of the
structure and eventually to get a good balance between
insulation performance, load-bearing capacity, and weight.
Wang [10] studied the thermal protection system which
incorporates graded insulation materials and multilayer
ceramic matrix composite cellular sandwich panels to avoid
drawbacks of traditional structure. With specific graded
insulation materials, the system can achieve better insulation
performance. (e buckling strength can be significantly
improved, and the thermal short effects can be suppressed.
(ese studies provide the relative importance of modelling
assumptions and design parameters but not with the way to
search for the optimum results. Chen [11] proposed an
innovative concept of structural efficiency to access thermal-
mechanical performance of the lattice-core thermal pro-
tection system. It can help develop the thermal protection
system with better thermal and mechanical performance at
the same time. Jiang [12] optimized the layout of insulations
of five different integrated thermal protection systems
(ITPS) on the basis of three-dimensional models. Zhao [13]
established two different configurations of ITPS and opti-
mized them with simulated annealing algorithm. Ji [14]
worked on analyzing and optimizing the lightweight
corrugated-core sandwich integrated thermal protection
system. (ey digged some lightening holes and applied
different materials to the structure to reducing structural
weight. Also, by changing the hole size and web dip angle, a
modified structure was obtained. Meng [15] optimized the
TPS for the solar array of stratospheric airships. Taking
thermal protection effects, structure weight, and output
power as objective functions, nondominated sorting genetic
algorithm was developed to solve this multiobjective opti-
mization problem. Yang [16] established a topological op-
timization method for ITPS to reduce equivalent efficiency
and tomaintain structural stiffness.With themodification of
layout of materials, the new design can provide a good
balance between thermal insulation and load-bearing ca-
pacity. Compared to ITPS, MTPS is much more complex. It
will bring about considerable computational burden if op-
timization is conducted directly on the three-dimensional
model. Effects of different parameters on structural vary far
from each other; in this case, optimizing all parameters
simultaneously is unacceptable. In order to avoid rounding
error, variables are classified into two groups and optimized
in an iterative two-stage optimization process.

(is paper aims to develop a feasible strategy for MTPS
optimization, improving the thermal and mechanical per-
formance effectively. Equivalent models are built and ver-
ified by detailed three-dimensional model to keep the
balance between computational cost and accuracy.

2. Methodology

2.1. Finite Differential Method. (e MTPS studied in this
paper consists of lightweight fibrous insulation encapsulated
between two honeycomb sandwich panels. (e analysis of

large-scale sandwich panel structures can be done with
detailed FE models, but computational resources required
are limiting. By using the finite differential method, the
effective thermal properties can be estimated so that the size
and complexity of the FE model decrease dramatically and
thus the computational cost can be reduced, while acceptable
level of accuracy maintained.

(e sandwich panel considered in this study is composed
of two metallic face sheets perfectly bonded to a metallic
honeycomb core. Analysis can be conducted on a hexagonal
cell due to the periodic and symmetric configuration of
honeycomb panels. (e following section outlines the
methods for the estimation of equivalent thermal conduc-
tance coefficient of honeycomb core. Geometric parameters
are graphically presented in Figure 1.

To utilize the finite differential method, the metallic part
of the hexagonal cell is divided into seven elements along the
longitudinal axes (the direction of z axis), while the air inside
remains integral. Two assumptions are made here: (1)
thermal convection inside the cavity is ignored. (2) in-plane
heat transfer is ignored and temperature distribution in each
element is uniform. (e heat flows through the honeycomb
core can be defined as follows:

qtotal � kc,eff
A

Htotal
T1 −T7( . (1)

Heat which flows though adjacent elements is as follows:

qma �
kmaΔA

Hsec
Tm−1 −Tm( , (2)

where k is thermal conductivity of material and hsec is the
height of element.

Heat flow through the air is

qa �
ka(A−ΔA)

Ha

T1 −T7( , (3)

where ka is thermal conductivity of gas inside honeycomb
core which in this case is air. Although this part of heat is
relatively small, it still cannot be ignored.

Cavity radiation is essential in heat transfer through
honeycomb panels. Radiation between element m and ele-
ment n can be defined as

qrad,mn � εnεmAmσXmn T
4
n −T

4
m . (4)

Xmn is radiation view factor between the above two
elements, which could be expressed as

Xmn �
J cos θm cos θn dθm dθn

πl2
, (5)

where θ is the angle between radiation and normal direction
of element surface and l is the center-to-center spacing
between two elements. In this study, the honeycomb cell is
divided into seven elements along the thickness direction;
hence, three kinds of view factors should be taken into
account, as shown in Figure 2. A simplified method pro-
posed by Buschman and Pittman [17] is adopted to calculate
these view factors.
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(e first type is radiative exchange between the face
sheets, which is defined as

Xmn �
1
2

2R2 + 1
R2 −

������������

2R2 + 1
R2 

2

− 4




⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (6)

where R is the ratio between circumradius of the honeycomb
cell and honeycomb core height.

(e second type includes radiative exchange between the
face sheets and the honeycomb core elements. (e view
factor between face sheet and ith element of the honeycomb
core is expressed as

Xmn �
1

4lHsec

����������

H4
t + 4l2H2

t



−
����������
H4

f + 4l2H2
f


 , (7)

where Hf � (i− 1)Hsec and Ht � iHsec.
(e third type, view factors between honeycomb core

elements, consists of two different conditions: view factor
between element adjacent to face sheets and element in the
middle, view factor between middle elements, and view
factor between elements and themselves. (ese view factors
are shown as follows:

Xmn � 1 +
Hsec

2l
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����������

1 +
Hsec

2l
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,

(8)

where L01 � L23 � Hsec, L13 � L02 � (i− 1)Hsec, and L03 �

iHsec, L12 � (i− 2)Hsec.
Considering boundary conditions shown in Figure 1,

thermal equilibrium equation for all seven elements can be
achieved:

qi �

qtotal +
kΔA
Hsec

Ti+1 −Ti(  +
ka(A−ΔA)

Ha

T7 −T1( 

+ 
7

j�1
εjεiAiσXij T

4
j −T

4
i , i � 1,

kΔA
Hsec

Ti+1 −Ti( −
kΔA
Hsec

Ti −Ti−1( 

+ 

7

j�1
εjεiAiσXij T

4
j −T

4
i , i � 2 . . . 6,

kΔA
Hsec

Ti−1 −Ti(  +
ka(A−ΔA)

Ha

T1 −T7( 

+ 
7

j�1
εjεiAiσXij T

4
j −T

4
i  + hf Tam −T7( 

− ε7σA T4
7 −T4

am( , i � 7.
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(9)

Temperature for all seven elements can be obtained by
solving equations above, and then effective thermal con-
ductivity can be calculated by solving Equation (1). Fur-
thermore, taking thermal load that MTPS bears into
account, material nonlinearity cannot be ignored. An iter-
ative method is proposed in order to solve this problem, and
the flow diagram for the overall procedure based on the finite
differential method can be seen in Figure 3.

2.2. Response Surface Method. Even though the equivalent
model is utilized to replace the detailed honeycomb panel
model, embedding the overall MTPS finite element model into
optimization codes directly will bring about enormous
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Figure 2: Radiation view factor diagram.
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Figure 1: Honeycomb cell characteristics.
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computational effort due to its huge number of cells. In this
case, the response surface method is adopted to establish
global approximation function of several thermal and me-
chanical responses. (e accuracy of optimization depends on
the accuracy of response surface, which strongly relies on the
choice of sample points while the fittingmethod is determined.

Specific to the MTPS analyzed in this paper, three
geometric dimensions are selected as design variables
according to sensitivity analysis. (ese variables includes the
thickness of fibrous insulation H1, thickness of outer
honeycomb panel H2, and thickness of encapsulated panel
t1. (e quadratic polynomial is used to fit the response
surface, generating ten undetermined coefficients. Chosen
responses are

Tmax � g1 H1, H2, t1(  � a0 + a1H1 + a2H2 + a3t1 + a4H
2
1

+ a5H
2
2 + a6t

2
1 + a7H1H2 + a8H1t1 + a9H2t1,

Dmax � g2 H1, H2, t1(  � b0 + b1H1 + b2H2 + b3t1 + b4H
2
1

+ b5H
2
2 + b6t

2
1 + b7H1H2 + b8H1t1 + b9H2t1,

dDmax � g3 H1, H2, t1(  � c0 + c1H1 + c2H2 + c3t1 + c4H
2
1

+ c5H
2
2 + c6t

2
1 + c7H1H2 + c8H1t1 + c9H2t1,

(10)

where Tmax is the maximum temperature of the substrate
structure, Dmax is the maximum out-plane deformation of
the outer surface of MTPS, and dDmax is the maximum out-
plane deformation difference of the outer surface of MTPS.
ai, bi, and ci (i� 0, 1, . . ., 9) are coefficient matrixes fit by the
least square method.

(e accuracy of response surface increases with the
increase in the number of identification points; however, the
computational effort increase as well. In order to reduce
computational costs while maintaining accuracy, the pro-
gressive strategy proposed by Carrere [18] is introduced.
Begin with 7×N+ 1 sample points, increase the number of
sample points by 80% every time according to residual error
and confirm the final number while the accuracy is ac-
ceptable. N is the number of design variables and the residue
error is defined as:

r% � g′ −g( /g′ × 100%, (11)

where g is the approximation result and g′ is the finite
element simulation result. All samples must be chosen
highly randomly, so that the Latin Hypercube Sampling
(LHS) described by McKay [19] is adopted. Compared with
the Monte-Carlo method, LHS is designed to build the input
distribution by less sampling.

(e number of sample points is increased by two times in
this study. When the number of points comes to 52, the
average residual error for g1, g2, g3, is 0.21%, 13.78%, and
9.86%, respectively, and the error decrease is less than 10%
with further point number increase.

2.3. Two-Stage Optimization Strategy. A two-stage optimi-
zation strategy combining RSM and genetic algorithm (GA)
is proposed in this study since it could be more effective
when it comes to a complex system like MTPS. As a
foundation, a convincible finite element model is established
to conduct thermo-mechanical coupling analysis. Sensitivity
analysis based on the parametric model is carried out after
that, indicating that structure responds differently to dif-
ferent variables. Quantifying the effects of different variables
on structural responses provides a basis for choosing design
variables in the following optimizations and proving the
validity of the optimum result.

Variables having greater influence on structural re-
sponses are selected to be optimized in the first-stage
optimization. In this stage, significant performance im-
provement is expected to be obtained, that is reducing
MTPS mass as much as possible while maintaining its
thermal and mechanical performance. (e main function
of the MTPS is to protect the vehicle structural from
overheating and also to provide an acceptable aero-
dynamic surface to prevent premature transition to tur-
bulent flow during the atmospheric reentry. Tmax, Dmax
and dDmax are chosen as the constraints in this case.
Considering computational time, all these responses are
approximated by RMS described in section 2.2. Optimum
result of the first-stage optimization serves as the initial
design model for the second-stage optimization, in which
the outer honeycomb panel is optimized in detail using
genetic algorithm. Multiple objective functions exist in
this stage, thus Pareto Genetic Algorithm proposed by
Horn [20] is introduced to solve this problem. Pareto
optimality is a state of allocation of resources in which it is
impossible to make any one individual better off without
making at least one individual worse off. Tradeoffs can be
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Figure 3: Flow diagram for calculating effective thermal
conductivity.
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within Pareto frontier and consideration of every pa-
rameter is not necessary.

(e overall performance of MTPS is not taken into
account in the second-stage optimization, so that the op-
timum result of this stage should be compared with the first-
stage optimum result. Error between two stages is utilized to
determine whether iterative optimization is necessary.
When the error is no more than 10%, the final optimum
configuration can be confirmed. Figure 4 shows the
framework of this optimization strategy in detail.

2.4. Finite Element Modelling. (e superalloy honeycomb
MTPS panel shown in Figure 5 [21] is studied in this paper. It
is designed to be mechanically attached directly to a smooth,
continuous substructure. (e outer surface is comprised of a
foil-gage Inconel 617 honeycomb sandwich, and the inner
surface is a titanium honeycomb sandwich with part of face
sheet and core removed to save weight. Beaded, foil-gage,
Inconel 617 sheets form the sides to encapsulate saffil
insulation. (e parameter of the panel coated Nomex felt
pad that prevents hot gas flow beneath the panel provides
preload to the mechanical fasteners and helps damp out
panel vibrations. Considering the fact that the insulation is
not assumed to bear any aerodynamic pressure, thermal
model and structural model should be established separately.
Results calculated by these 3-D finite element models are
utilized to verify the accuracy of approximate functions
obtained by the response surface method.

In this section, an equivalent model for honeycomb
sandwich panel is first built. (e outer and inner surface of
MTPS are honeycomb sandwich panels. If detailed finite
element models of these sandwich panels are built in
thermal-structural coupling analysis, it will increase com-
putational burden enormously. (e honeycomb sandwich
panels will be replaced by these equivalent models as parts of
the overall MTPS when conducting heat transfer analysis
and thermal stress analysis.

2.5. Equivalent Model for Honeycomb Sandwich Panel. In
order to alleviate the computational burden in the future
work, an equivalent model for the detailed sandwich panel is
necessary. Detailed honeycomb sandwich panel is shown in
Figure 6. (e effective thermal conductivity and the
equivalent stiffness matrix are calculated. Based on these
equivalent properties, an anisotropic panel can be built to
substitute the original model in the finite element analysis.
(is part of work is conducted to validate the accuracy of this
equivalent model.

(e honeycomb sandwich panel used in the experiment
is composed of the top face sheet, the honeycomb core, and
the bottom face sheet. Materials used for the honeycomb
sandwich panel are shown in Table 1. A detailed finite el-
ement model for one honeycomb cell is built to simulate the
experiment.(e boundary conditions are shown in Figure 1.

Transient heat transfer analysis is conducted on this
honeycomb cell. (e total height of this cell is 7.82mm, with
the core having a height of 7.5mm and the sheets 0.16mm
for each. (e thickness of the honeycomb core is 0.076mm.

(e honeycomb core circumcircle radius is 6mm. As the
applied thermal shock rate is 30°C/s, we calculated the
bottom face sheet temperature for 30 seconds. (e com-
parison between experimental results and finite element
analysis results is shown in Table 2.

According to the comparison between experimental data
and numerical analysis results, the detailed FE model is
accurate enough. (us, the detailed FE model can be used as
the standard to verify the accuracy of equivalent model.
Effective thermal conductivity can be obtained by finite
differential method proposed in last section, as well as the
detailed finite element analysis. Results are shown in Table 3.

As the temperature changes, the thermal properties of
materials change as well. As shown in Table 3, the effective
thermal conductivity varies far from each other with or without
the material nonlinearity considered. In this case, when this
nonlinearity is taken into account, a more accurate result can be
obtained. By comparing the temperature distribution and the
calculated effective thermal properties calculated by finite
differential method and finite element method, errors between
these twomethods are acceptable.(e finite differentialmethod
is accurate in calculating the effective thermal conductivity of
the honeycomb panel, but it helps reduce the computational
cost rapidly compared to the finite element method.

As for the mechanical properties of the honeycomb
panel, we analyzed a honeycomb core cell, as shown in
Figure 7.

When t22/l2 is small enough, we have

E1 � 1− 3
t22
l2

 
4t32�
3

√
l2

· ES,

E2 � 1−
5t22
3l2

 
4t32�
3

√
l2

· ES,

E3 �
8t

3
�
3

√
l
· ES,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

G12 �
t22
l2

· Gs,

G23 �
t2�
3

√
l
· Gs,

G31 �
5t2

3
�
3

√
l
· Gs,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

]1 � 1−
4t22
l2

,

]2 � 1−
8t22
3l2

,

]3 � ]s.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(12)

(e subscript ‘s’ represents the properties for material.
Other subscripts 1, 2, and 3 represent honeycomb core
properties in x, y, and z directions, respectively. (e
equivalent stiffness matrix can be written as
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D1111 � E1 1− ]23]32( c,

D2222 � E2 1− ]13]31( c,

D3333 � E3 1− ]12]21( c,

D1122 � E1 ]21 + ]31]32( c,

D2233 � E2 ]32 + ]12]31( c,

D1133 � E3 ]31 + ]21]32( c,

D1212 � G12,

D1313 � G13,

D2323 � G23,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

c �
1

1− ]12]21 − ]23]32 − ]31]13 − 2]32]21]13
.

(13)

(e overall honeycomb sandwich panel dimension is
62.4mm × 19.5mm × 5.4mm. For the honeycomb core,
t2 � 0.05mm, r� 3mm, and H� 5mm. (ickness of the top
and bottom face sheets are both 0.2mm. Two short edges of
the panel are clamped. Material properties are shown in
Table 4.

Both the detailed finite element model and the equivalent
model are built for modal analysis. Results are shown in
Table 5. (e first-order modal shape is shown in Figure 8.

Errors between two models are around 5%, which means
the equivalent model is accurate in global stiffness. (e
equivalent model can substitute the detailed model in the
following analysis.

3. Heat Transfer Analysis Model

Heat transfer analysis is conducted to obtain the time-
depend temperature distribution in the whole system and
to find the maximum structural temperature by searching
the recorded temperature history for every structural node.
(e temperature distribution is then applied to the stress

Build the FE 

Build parametric FE model Sensitivity 
analysis

Numerical
experimental

design

Structural response

Optimization

Optimal geometric variables

GA method to optimize honeycomb

Optimal honeycomb size

Structural response Error assessment

Optimal design

Converge

Yes

No

1st stage

2nd stage

Figure 4: Design optimization framework.
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Figure 5: Superalloy honeycomb MTPS panel [21].

Figure 6: Honeycomb sandwich panel.
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Table 1: Material properties for the experimental honeycomb sandwich panel.

Applied area Face sheets Core

Material GH3039 GH536
Temperature (°C) (ermal conductivity (W/(m·°C)) Specific heat (J/kg) (ermal conductivity (W/(m·°C)) Specific heat (J/kg)
0 12.1 460 8.5
100 13.8 8.6 372.6
150 544 389.4
200 15.5 574 10.9
300 17.2 636 13.3 402
400 18.8 645 14.2 427.1
500 20.5 762 15.9 452.2
600 21.8 779 17.4 464.7
700 23.4 921 20.3 515
800 25.1 1047 21.4 535.9

Table 2: Comparison between experiment and numerical analysis for the honeycomb cell.

Time 5 10 15 20 25 30
Experiment (°C) 30.3 58.8 108.0 176.0 258.7 352.1
FE Analysis (°C) 28.58 55.18 107.20 188.06 274.53 369.76
Error (%) 5.57 6.16 0.74 6.85 6.12 5.01

Table 3: Effective thermal conductivity obtained by the finite differential method and finite element method.

Input
heat (K)

Constant thermal property Temperature-dependent thermal property
Temperature (K) Effective thermal conductivity (W/(m·K)) Temperature (K) Effective thermal conductivity (W/(m·K))

0.5 FDM 857.1⟶ 766.2 1.84 892.6⟶ 767.1 1.333
FEM 853.7⟶ 761.8 1.82 907.1⟶ 779.3 1.308

1.0 FDM 1091.2⟶ 937.5 2.18 1115.9⟶ 938.2 1.88
FEM 1086.3⟶ 929.7 2.13 1119.6⟶ 934.3 1.81

2.0 FDM 1376.9⟶1137.7 2.79 1381.6⟶1137.8 2.74
FEM 1371.7⟶1123.1 2.70 1381.4⟶1122.7 2.58

Y Z

Ha

X

(a)

Y

X

t2 l

lr

θ

(b)

Figure 7: Geometry for honeycomb core. (a) Honeycomb core. (b) Honeycomb core section.

Table 4: Materials for the honeycomb sandwich panel.

Applied area Face sheets Honeycomb core
Materials NASAX33 Inconel 617
Elastic modulus (GPa) 4.95 207.54
Density (ton/mm3) 4.95e− 12 8414e− 12
Poisson’s ratio 0.33 0.278

Table 5: Natural frequency of the honeycomb sandwich panel.

Order Detailed model Equivalent model Error (%)
1 1874.0 1827.3 2.6
2 3948.7 3690.9 6.9
3 4840.7 4678.6 3.5
4 5945.0 5562.2 6.8
5 9544.8 9358.7 1.9
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analysis model to realize the coupled thermal and structural
analysis, and the maximum structural temperature will be
served as one of three constraints in the first-stage opti-
mization. Materials are shown in Figure 5. More details
about this model are shown in Figure 9. H2 and H3 are
heights of the honeycomb core. (e cores are encapsulated
by two metallic sheets. (ese face sheets share the same
thickness, denoted as ts.

Initial geometric parameters are shown in Table 6.
Figure 10 shows the thermal finite element model, and

contacts between different components are supposed to be
perfect in this case. (is finite element model is estab-
lished in ABAQUS to carry out heat transfer analysis, and
the linear heat transfer solid element DC3D8 is used in
this model. (is analysis is applied to a MTPS panel lo-
cated on the windward surface of the space shuttle orbiter
during atmospheric entry. Absorbed heat flux is balanced
by the heat radiated from the surface at any instant in time
on the top surface of MTPS panel, and these radiation
equilibrium temperatures are depicted in Figure 11. All
other surfaces are assumed to be adiabatic, which means
that all input heat is reserved inside the MTPS structure.
While natural convection exists on the bottom surface of
substrate structure and heat transfers between adjacent
MTPS modules, this kind of simplification may lead to a
conservative optimum design. Despite all this, this sim-
plified model can help improve the computational effi-
ciency and proved to be acceptable for the preliminary
design phase.

Transient heat transfer analysis results at nodes A to D
are plotted in Figure 12. Comparing the temperature be-
tween node D and analysis result in [23], it is found that they
have the same trend. In our work, we assume all faces, beside
the top face, are adiabatic. (e time when the maximum
temperature occurs is earlier than reference. (e maximum
temperatures, which is one of the key indicators in the future
work, are almost the same.

(e substructure temperature distribution at time 800 s
is shown in Figure 13. It is obvious that temperature at node
F is highest due to the connecting bolts. Maximum tem-
perature on substructure is 809.7K, which is beyond the
temperature substructure can bear. It is necessary to opti-
mize MTPS to protect the substructure.

3.1. 8ermal Stress Analysis Model. (e outer honeycomb
panel of MTPS is fully exposed to atmosphere and thus bears
relatively high aerodynamic pressure and severe tempera-
ture gradient. Carrying out thermal stress analysis is rather
important for MTPS to maintain the structural integrity
during flight. A structural finite element model is used to
calculate the deflection of the outer honeycomb sandwich
panel. Saffil insulation, Nomex felt, and underlying structure
are deleted compared with thermal finite model shown.
Uniform pressure loading read from Figure 11 is applied on
the sandwich outer surface, and nodal temperatures
extracted from heat transfer analysis are applied over the
entire model at specific times of interest.

Boundary conditions of MTPS depend on its attachment
methods to substructures. In this case, the model is con-
strained at the bottom surface of four bolts with all degrees of
freedoms fixed. All three rotational freedoms of edges on the
outer surface are fixed to simulate the actual interaction
between modules in the MTPS panel array. (e thermal
stress analysis model is shown in Figure 14. (is finite el-
ement model is established in ABAQUS to carry out thermal
stress analysis. Solid element C3D82 is used here.

4. Results and Discussion

4.1. Sensitivity Analysis. Sensitivity analysis is performed to
examine the effects of design variables on MTPS perfor-
mance. (ese variables are as follows: the thickness of
insulation H1; the thickness of outer honeycomb panel H2;
the thickness of sides t1; the thickness of outer honeycomb
core t2; the radius of outer honeycomb core r. (e initial
values and boundaries of these variables are listed in Table 7,
and other structural parameters are hold constant
throughout this study. (e equivalent mechanical model of
honeycomb sandwich panel is applicable mealy when ratio
between t22 and r2 is no more than 9.0 × 10−3.

(ree responses are selected to describe the structural
performance: the maximum temperature of the substrate
structure Tmax, the maximum out-plane deformation of the
outer surface of MTPS Dmax, and the maximum out-plane
deformation difference of the outer surface of MTPS dDmax.
Reducing weight is always the main purpose of any aircraft
design and thus effect on MTPS mass is ought to be taken
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Figure 8: First-order modal shape. (a) Detailed model. (b) Equivalent model.
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into account. Parts of the sensitivity analysis results are
plotted in Figure 15.

Quantified effects of individual design variables are
listed in Table 8, in which all variables are assumed to be
increased fivefold compared with their original values.
Some conclusions could be drawn from the sensitivity
analysis:

H1

H2

H3

H4

2L1

L2 L3

A

B

C

D

E F
Adiabatic

d

Adiabatic

Adiabatic

r

r

t2

t2

t1

ts

Radiation Aerodynamic heat

Figure 9: Geometry, load, and boundary condition for MTPS.

Table 6: Initial geometric parameters for MTPS.

Parameters L1 (mm) L2 (mm) L3 (mm) H1 (mm) H2 (mm) H3 (mm) H4 (mm) t1 (mm) t2 (mm) ts (mm) d (mm) r (mm)

Initial values 44.0 15.0 10.0 20.0 7 3 5 1.0 3 0.2 2 0.1

Figure 10: (ermal finite element model.
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Figure 11: Temperature and pressure histories imposed during the
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(i) (e insulation thickness has the greatest effect on
maximum temperature, which means H1 is the most
important factor for improving MTPS thermal
performance. However, since the insulation is a non-
load-carrying structure, it has a definite disadvantage
for the structural mechanical performance. More-
over, the thicker the insulation, the higher the en-
capsulated sides. (e growing height of encapsulated
sides will lead to a rapid increase in total mass.

(ii) (e outer honeycomb sandwich panel is exposed to
atmosphere and is the key factor for maintaining the
aerodynamic surface of MTPS. Results show that
MTPS mechanical performance is extremely sen-
sitive to H2. Increasing the thickness of honeycomb
panel leads to the enhancement of thermal ex-
pansion effect. As a result, deformation of the outer
surface increases, yet within an acceptable range. On
the other hand, increasing height brings about
larger bending stiffness and thus decreases de-
formation difference efficiently.

(iii) (e encapsulated side plays an important role in
transferring force from the outer surface to sub-
structure. However, this side can easily lead to heat
shorts because of metal conduction. All responses
are very sensitive to t1, especially the deformation
difference. (e outer honeycomb panel is too weak
compared with thick side, and thicker side can
enhance the effect of thermal mismatch. Conversely,
if the side is too thin, it is highly possible that MTPS
cannot stay integral during flight. In conclusion, t1
must be carefully selected in the design process.

(iv) Compared with other design variables, t2 and r have
less effect on each response. (eir influence on
structural deformation is directly related to the
stiffness of the outer honeycomb panel. Since the
order of magnitude varied far from all design
variables, multistage optimization must be taken to
improve optimization quality.

According to the sensitivity analysis, design domains for
variables H1, H2, t1, t2, and r are set to [15mm, 35mm],
[5mm, 13mm], [0.5mm, 2.0mm], [0.05mm, 0.3mm], and
[1mm, 5mm], respectively.

4.2. First-StageOptimization. In the first-stage optimization,
response surface method is used to alleviate the computa-
tional burden. 52 sample points are utilized, and the residual
for all samples based on the response surface method is
plotted in Figure 16. Fitting coefficients for response surface
functions are listed in Table 9.

(e first-stage optimization problem is defined as

min dDmax � g3 H1, H2, t1( ,

s.t.

c(1) � g1 H1, H2, t1( − 650K≤ 0,

c(2) � g2 H1, H2, t1( − 0.05Hall ≤ 0,

c(3) � W H1, H2, t1( − 0.035 kg≤ 0,

⎧⎪⎪⎨

⎪⎪⎩

(14)

where H1, H2, and t1 are design variables restricted to
[15mm, 35mm], [5mm, 13mm], and [0.5mm, 2.0mm],
respectively. Hall is the total height of MTPS. W is the
function of MTPS mass, described as

W H1, H2, t1(  � 0.195 + 0.248 × 10−2 × H1 + 0.434 × 10−3

× H2 + 2.931 × 10−3 × t1 H1 + H2 + 3.4( .

(15)

Optimum results are shown in Table 10.
(e optimum result obtained by response surface fits the

detailed finitemodel well with all errors less than 10%, verifying
the accuracy and feasibility for applying global approximate
response surface model to optimization procedure. Sub-
structure overheating is themajor problem for initial design, so
the main purpose of optimization is to improving thermal
insulation capability while maintaining the mechanical per-
formance. According to the sensitivity analysis, this target
could be reached by increasing insulation thickness and de-
creasing side thickness. Optimum results show that the
insulation thickness H1 is increased from 20.00mm to
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+8.095e + 02
+8.095e + 02

Figure 13: Substructure temperature distribution at 800 s.

Aerodynamic pressure

Predefined
temperature

Clamped Clamped

Figure 14: (ermal stress analysis model.

Table 7: Initial values and boundaries of variables.

Initial value Lower boundary Upper boundary
H1 (mm) 20.0 10.0 35.0
H2 (mm) 7.0 3.0 13.0
t1 (mm) 1.0 0.5 3.0
t2 (mm) 0.1 0.05 0.3
r (mm) 3.0 1.0 6.0
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34.3mm while side thickness t1 decreased from 1.0mm to the
lower boundary value 0.5mm, which is consistent with the
prediction. Final maximum temperature is 647.03K, indicating
that optimization works well in this stage. However, MTPS
mass rises from 0.337 kg to 0.36 kg, slightly beyond the set limit
by 2.8%. No further improvement space remains in this stage,
and adjustment will be made in the following section.

4.3. Second-Stage Optimization. (e first-stage optimized
model is utilized as the initial design model for the second-
stage optimization. (is stage is conducted to optimize the
outer honeycomb panel in detail so that all responses exist in
the first-stage optimization could not be used here. (is
multiobjective optimization is described in Table 11.
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Figure 15: Effects of H1 on four responses. (a) Temperature Tmax. (b) Deformation Dmax. (c) Deformation difference dDmax. (d) Mass.

Table 8: Sensitivity analysis results.

H1 H2 t1 t2 r

Tmax ↓29.2% ↓6.5% ↑17.7% ↑0.8% ↓0.5%
Dmax ↑200% ↑872.5% — ↓2.6% ↑2.1%
dDmax ↑47.6% ↓136% ↑1600% ↓15.3% ↑12.9%
Mass ↑120% ↑33.0% ↑80.2% ↑15.1% ↓13.1%
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Figure 16: Residual for all the samples based on the response
surface method.
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(e detailed optimization model is defined as

minF � min[f(1), f(2), f(3)],

A · X≤B,
(16)

where f(1) is the reciprocal of equivalent stiffness matrix,
f(2) is the equivalent thermal conductivity, and f(3) is the
surface density.

A � [1 −0.095],

B � [0],

X � t2 r 
T
.

(17)

Points in the Pareto frontier are listed in Table 12.
Mechanical performance of the honeycomb panel is

relatively more sensitive to t2 and r compared with its thermal
performance, thus more attention should be paid toD3333 and
ρ. Four solutions with higher out-plane stiffness and lower
surface density compared with initial design are chosen to
compensate for the exceeding weight in the first-stage optimal
result. (ese variables are applied in the complete MTPS
analysis model, and results are shown in Table 13.

A configuration with higher equivalent stiffness
and lower density can be obtained by decreasing the

thickness and the radius of the honeycomb core. Solution
No. 25 is selected as the final result of the second-stage
optimization.

Table 9: Fitting coefficients for response surface functions.

g1 g2 g3

a0 834.0737 b0 1.0830 c0 −0.3475
a1 −8.0498 b1 1.0830 c1 −0.3475
a2 −2.6041 b2 −0.1673 c2 −0.0284
a3 161.1639 b3 −0.1568 c3 0.04386
a4 0.0326 b4 −0.0007 c4 −0.0003
a5 −0.0292 b5 0.0065 c5 0.0077
a6 −46.1282 b6 −0.0834 c6 0.3919
a7 0.0133 b7 0.0035 c7 −0.0013
a8 1.2765 b8 −0.0108 c8 0.0058
a9 −0.0679 b9 0.0293 c9 −0.1080

Table 10: 1st stage optimal results.

Design variables Responses
H1 (mm) H2 (mm) t1 (mm) Tmax (K) Dmax (mm) Mass dDmax (mm)

Initial design 20.00 7.00 1.0 807.93 0.81 0.337 0.169

Optimal results 34.30 9.56 0.50
RSM 653.96 1.62 0.36 0.224
FEM 647.03 1.49 0.36 0.241

Error (%) 1.06 8.02 0 9.73

Table 11: 2nd stage optimization model.

Design variables
t2 (mm) 0.05≤ t2 ≤ 0.3
r (mm) 1≤ r≤ 5
Constraint
t22/r2 ≤ 9 × 103
Objectives
Out-plane stiffness D3333 (MPa) Maximum
Equivalent thermal conductivity kc,eff (W/mK) Minimum
Surface density ρ (ton/m3) Minimum

Table 12: Pareto optimal solution sets.

D3333
(MPa)

kc,eff
(W/mK) ρ (ton/mm3) t2 (mm) r (mm)

1 33271.7 3.602772 9.13E− 10 0.095 1
2 3507.888 2.55136 9.61E− 11 0.05 5
3 16994.92 15.17719 4.66E− 10 0.05 1.031624
4 9723.553 1.810193 2.66E− 10 0.05 1.803594
5 18241.6 16.16221 5E− 10 0.052998 1.018688
6 16367.98 7.985005 4.48E− 10 0.050017 1.071544
7 30960.65 3.377846 8.49E− 10 0.088858 1.005388
8 21018.97 9.973008 5.76E− 10 0.060111 1.002566
9 8206.778 1.925023 2.25E− 10 0.05 2.137018
10 29174.22 6.941675 8E− 10 0.083728 1.005505
11 22246.2 10.50014 6.1E− 10 0.063462 1
12 4604.044 2.640343 1.26E− 10 0.065625 5
13 17511.41 4.398374 4.8E− 10 0.053144 1.064127
14 3507.888 2.55136 9.61E− 11 0.05 5
15 27470.81 3.061355 7.53E− 10 0.083728 1.068005
16 19407.18 9.282011 5.32E− 10 0.056597 1.022462
17 14233.72 2.28997 3.9E− 10 0.083717 2.062615
18 33271.7 3.602772 9.13E− 10 0.095 1
19 26632.14 6.385646 7.3E− 10 0.076164 1.002184
20 19694.53 17.3167 5.4E− 10 0.056174 1
21 25934.66 6.233215 7.11E− 10 0.074201 1.002666
22 23650.5 5.734453 6.48E− 10 0.068042 1.008401
23 29432.53 6.998162 8.07E− 10 0.084218 1.00249
24 23794.94 5.766074 6.52E− 10 0.068906 1.014995
25 5900.082 2.007241 1.62E− 10 0.05 2.972648
26 20504.78 9.752374 5.62E− 10 0.058575 1.001491
27 24966.89 6.021762 6.84E− 10 0.071288 1.000717
28 15100.34 2.387636 4.14E− 10 0.091392 2.122405
29 32640.49 3.734947 8.95E− 10 0.143821 1.54328
30 18603.03 16.44934 5.1E− 10 0.053144 1.001627
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(ermo-mechanical analysis for the optimal model is
conducted in ABAQUS as well. Results of the two-stage
optimization are listed in Table 14. Maximum structural
temperature drops from 809.70K to 648.45K, preventing
the substrate structure from overheating. Maximum outer
surface deformation and deformation difference are in-
creased slightly. However, the deformations are 2.9% and
0.49% of the total MTPS height, respectively, still main-
taining the mechanical performance of the structure. (is
optimum configuration turns out to combine thermal and
mechanical performance perfectly, achieving the goal of
optimization.

5. Conclusions

A two-stage optimization strategy suitable for preliminary
design of MTPS is described, which allows estimation of
structural design variables and MTPS weight at selected
vehicle locations. Although this study is performed for a
specific MTPS concept and a particular aerodynamic load
profile, this strategy remains practicable for different MTPS
configurations and load conditions. Main conclusions of this
paper are as follows:

(i) MTPS thermal performance is most sensitive to
insulation thickness while its mechanical perfor-
mance is more sensitive to outer honeycomb panel
thickness and side thickness. t2 and r show relatively
less effects on structural responses and they are not
supposed be optimized simultaneously with other
variables.

(ii) Response surfaces fit well in the first-stage opti-
mization, and MTPS thermal performance is highly
improved in this stage. Compared with thermal
insulation performance, mechanical property re-
quirements are easier to be satisfied for MTPS.
Variables having stronger effects on responses are
determined in this stage, and further improvement
can be obtained only by reducing side thickness,
which has met the lower boundary already.

(iii) (e second-stage optimization is applied to the
outer honeycomb panel. Pareto frontier is

constructed in this stage, and the optimum result is
chosen from these Pareto-optimum solutions. By
adjusting parameters of honeycomb core, the
maximum temperature of substructure and mass of
MTPS are further reduced.
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