Struct Multidisc Optim (2015) 51:479-494
DOI 10.1007/s00158-014-1137-4

INDUSTRIAL APPLICATION

Thermo-structural optimization of integrated thermal
protection panels with one-layer and two-layer corrugated
cores based on simulated annealing algorithm

Shu-yuan Zhao - Jian-jun Li - Chuan-xin Zhang -
Wen-jiao Zhang - Xiu Lin - Xiao-dong He -
Yong-tao Yao

Received: 19 August 2013 / Revised: 30 June 2014 / Accepted: 9 July 2014 / Published online: 8 August 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract To explore weight saving potential capability, a
multidisciplinary optimization procedure based on simu-
lated annealing algorithm was proposed to unveil the mini-
mum weight design for integrated thermal protection system
subjected to in-service thermal and mechanical loads. The
panel configurations with one-layer and two-layer corru-
gated cores are considered for comparison. Heat transfer
and structural field analysis for each panel configuration
were performed to obtain the temperature, buckling, stress
and deflection responses for structural components of inter-
est, which were then considered as critical constraints of the
optimization problem. Sensitivity analysis was performed
to disclose the effect of individual design variables on the
thermo-structural extreme responses, and the designed ther-
mal protection system performance and weight for the two
configurations were discussed. The results demonstrated
that the two-layer structure provides superior structural
efficiency and performance to resist thermal buckling defor-
mation in comparison with the one-layer panel. Its area-
specific weight is reduced by more than 14-29 % with
respect to the one-layer panel design, and 30-50 % weight
efficient can be implemented at higher thermal buckling
constraint levels, while keeping considerable temperature,
stress and deflection margins.
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1 Introduction

During the entire mission of Reusable Launch Vehicle
(RLV), it is exposed to a superposition of severe environ-
mental conditions and in-service loads, such as aerothermal,
acoustic, small object high-speed impacts and inertial loads.
Thermal protection system (TPS) is often used to protect
a space vehicle from extreme reentry aerodynamic heating
and also to provide an acceptable aerodynamic surface to
prevent premature transition to turbulent flow during the
atmospheric reentry. Although the primary function of a
TPS is to maintain the vehicle structural temperature within
acceptable limits, the operational capability and system
weight also have significant impact on vehicle performance.
To improve load-bearing capabilities and reduce weight of
TPS, there has been great interest in the development of an
integrated thermal protection system (ITPS) in recent years
(Bapanapalli et al. 2006; Kumar et al. 2008; Ravishankar
et al. 2011; Villanueva et al. 2010; Sharma et al. 2008).
This concept provides an integrated structural component
for thermo-mechanical load bearing as well as thermal pro-
tection function. The potential advantages of using such a
structure over conventional TPS are its lower weight, lower
maintenance, higher structural efficiency, larger panel sizes
and multifunctional performance. One of the most suitable
candidate structures for this purpose is a corrugated-core
sandwich panel consisted of two thin face sheets and an
inclined web core. The inner and outer face sheets carry
the aerodynamic loading. The core helps stabilize the face
sheets and supports shear loads through thickness. The cor-
rugated core keeps the face sheets apart and stabilizes them
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by resisting vertical deformations, transverse shear strains,
curvature in the longitudinal direction, and enables the
structure to acts as a single thick plate (Martinez 2007). The
corrugated core will be filled with a non-load-bearing insu-
lation to provide thermal protection through thickness of the
system. All these characteristics make corrugated sandwich
structures ideal for the development of ITPS, where weight,
thermal protection and load bearing capability are important
design criterion. The design of such a system is a challeng-
ing task since it involves many related technical disciplines.
The structural requirements of robust members and thermal
requirements of minimum heat conduction through the ITPS
panel are often contradictory to one another in an overriding
concern of weight.

There have been many researchers interested in the opti-
mization issue of corrugated core sandwich panels in the
past decades. Vinson et al. (1971, 1987) involved the deter-
mination of minimum weight web core composite material
sandwich panel characteristics when the panel was sub-
jected to uniaxial compression as well as both uniaxial
compression and in-plane shear loads simultaneously. The
involved failure modes include overstressing of the face and
core material, overall panel buckling, buckling of the face
and web core elements in compression (and shear). Liang
et al. (2001) investigated the optimum design of metallic
corrugated core sandwich panels subjected to blast loads
by using a combined algorithm, in which the axial com-
pression, bending and buckling constraints and the side
constraints of manufacturing limitations on the sizes were
considered. The effects of core configurations concerning
the increase of structural stiffness for resisting blast loads
and strength constraints along with the continuous and dis-
crete design variables for optimization task were discussed.
Tian et al. (2005) optimized corrugated panels subjected to
uniform axial compression for minimum weight by using
the naive optimization and SQP-based method. It was con-
cluded that the simple naive optimization can only be
applied to panels with simple geometries where the total
number of design parameters does not exceed that of design
constraints. Daxner et al. (2007) discussed methods of
improving corrugated paper designs by applying numeri-
cal sizing optimization methods for the reduction of area-
specific weight of the board while maintaining a required
buckling strength both on the level of local buckling of lin-
ers and fluting and on the level of global buckling of whole
plates made from corrugated board. However, the non-linear
nature of the optimization problem does not ensure the pre-
diction of a true optimum in a strict, global sense. Khalkhali
et al. (2007) designed the minimum-weight sandwich pan-
els with periodic, open-cell corrugated cores using genetic
algorithm, observing yielding and bucking in components
as optimization constraint. Analytical expressions for crit-
ical loads were derived, and then minimum weights for
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some load capacities were determined. For evaluating opti-
mized values, the obtained results by analytical method and
finite element method were compared. In view of the above-
mentioned research, only mechanical loads were considered
in the design of corrugated sandwich panels. However, large
temperature gradient between the top and bottom face sheet,
which is one of the most severe loads influencing the design
of ITPS panels, has not been considered in their optimiza-
tion procedures. Bapanapalli et al. (2006, 2007) developed
an optimization procedure for finding the optimal geome-
try leading to minimum mass design of ITPS panel with
one-layer corrugated core sandwich ITPS structure. The
procedure used finite element analyses to construct response
surface approximations (RSA) of the critical constraints,
including temperature, stress, deflection and buckling. The
weight and geometric parameters in describing the sand-
wich structure were optimized through a Matlab function
Sfmincon( ). Gogu et al. (2009) did minimal weight design
and comparison study by choosing more suitable materials
for further lowering the ITPS mass. However, it is expected
that there is high potential to realize the weight-loss pur-
pose by optimizing configuration of cross-sections for ITPS
panel.

To improve structural efficiency and reduce structural
weight, more competitive ITPS panel concept and its cor-
responding multidisciplinary design optimization technique
should be proposed. For validation and comparison pur-
poses, in the presented work, we use the same materials,
thermo-mechanical loads and boundary conditions, objec-
tive and constraint functions, and design variables ranges
which were used in Bapanapalli’s work of ITPS design,
since we have identical motivation for thermal protection
application. The main innovation and difference between
this work and the Bapanapalli’s work (Bapanapalli et al.
2006; Bapanapalli 2007) as well as others are threefold.
The first is to provide a two-layer corrugated ITPS panel
configuration, along with a discussion on weight-loss fea-
sibility of this two-layer structure for ITPS applications.
Second, taking into account the non-linear nature of the
optimization problem, simulated annealing algorithm is pro-
posed to fulfill the multidisciplinary design optimization
process of the provided structures in order to obtain a global
optimization result. Though it is a commonly used opti-
mization technique, application in the design of these kinds
of thermo-mechanical structures is still scarce. Third, the
designed ITPS performance and weight for one-layer and
two-layer corrugated configurations are compared on the
basis of validation of the developed optimization model,
and effects of panel configurations with different cores on
the thermo-structural response behaviors and reduction of
structural weight are discussed.

The rest of this manuscript is structured as follows: In the
next section, a detailed description about the optimization
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problem of the proposed ITPS panels is introduced, includ-
ing the design variables, objective function and constraint
function of optimization. In Section 3, the thermo-structural
analysis methods of the panels are briefly presented.
Following these thermo-structural analysis, approximated
response surfaces between the structural responses and
design variables are constructed by Latin-Hypercube sam-
pling and regression analysis techniques in Section 4. In
Section 5, the simulated annealing algorithm and multi-
disciplinary design optimization procedure to determine
the minimal mass for the two corrugated-core sand-
wich ITPS panels are provided. After the validation of
thermo-structural analysis, RSA and optimization models
in section 6, thermo-structural extreme responses sensitivity
and designed ITPS performance and weight for the two cor-
rugated configurations are discussed in Section 7. Finally,
the conclusions and final remarks are presented in Section 8.

2 The optimization problem statement

Two corrugated core sandwich configurations for potential
use in ITPS for future space vehicles will be investigated in
this paper. The first configuration, shown in Fig. 1a, con-
sists of one layer of corrugated core element sandwiched

Z

Fig.1 The configuration of one-layer (a) and two-layer (b) corrugated
core sandwich panel

between the outer and inner face sheets. The second con-
figuration, shown in Fig. 1b, consists of two layers of
corrugated core between face sheets. A medium sheet sep-
arates the two layers of corrugated core elements. Fibrous
ceramic insulation is filled inside the corrugated core space
to block heat flow from top to bottom face sheet. The rele-
vant geometric variables of the ITPS design are also shown
on the unit cell in Figs. 1. For the one-layer configuration,
these variables are the thickness of top face sheet (TFS) tr,
web sheet (WEB) tw and bottom face sheet (BFS) tg, the
height of panel h and web core d, the corrugation angle 6,
and the length of unit cell 2p. For the two-layer one, the
additional variables in describing the configuration are the
medium face sheet (MFS) thickness tyj, the height of bot-
tom core panel hy, the height of bottom web core (B-WEB)
d; and top web core (T-WEB) d», the web thickness of bot-
tom core tw; and top core twp, the corrugation angle of
bottom core 67 and top core 6;. For the sake of simplicity, it
is assumed that length of unit cell of the top core is the same
as that of the bottom core for the two-layer panel.

The ITPS panel is subjected to various combinations of
mechanical and thermal loads such as pressure, thermal
flux, temperature, in-plane impact loads and acoustic loads
during service. For this paper, heat loads, aerodynamic pres-
sure loads and in-plane inertial loads on the ITPS panel are
considered as the critical loads. The heat loads imposed on
the structure are schematically illustrated in Fig. 2 (Bapana-
palli 2007). During reentry phase (before 2175s), the top
surface has incident heat flux loading and radiation bound-
ary conditions. After the vehicle lands (after 2175s), there
is no heat input and the top surface has radiation and con-
vective heat transfer boundary conditions. The pressure load
is equal to zero before landing and is equal to 1 atmo-
sphere after landing. Another mechanical load on the ITPS
is the in-plane inertial compression load. This in-plane load
of 30,000 N/m is only applied during reentry phase. After
landing, no in plane load is applied on the ITPS.

ITPS panel is a multi-functional structure that combines
conventional heat shield and load bearing structural func-
tions required for a hypersonic vehicle. Because of its
complex design, an ITPS panel could fail due to multi-
ple failure modes depending on the sandwich geometry,
load and boundary condition. For the current analysis, the
time when the maximum temperature difference between
the top face sheet and bottom face sheet occurs is consid-
ered as the most critical time, and the following four critical
constraints are taken into account: 1) the temperature of
underlying structure must be maintained below acceptable
limits at all times. Thus, peak bottom surface tempera-
ture is an important design driver; 2) though local buckling
responses of the ITPS structure made of thin plates are not
catastrophic, they may lead to other failures in postbuck-
ling load range. Therefore, the thermal/mechanical buckling
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is another major design driver; 3) to maintain structural
integrity, the stresses in the panel should be within allow-
able limits; 4) limits on the deflection of the top surface are
imposed to prevent boundary-layer transition at high Mach
numbers and to prevent permanent compaction of fibrous
insulation.

In order to minimize operational costs, a TPS should be
as lightweight as possible while fulfilling all the required
thermal protection and load-bearing functions of an ITPS.
To reconcile various conflicting requirements, an optimiza-
tion process is needed to find a feasible solution. The
optimization problem can be described as the weight min-
imization of two configuration panels under the given
loading conditions while satisfying all the constraints such
as temperatures, buckling, stresses and deflections lim-
its in various parts of the structure. The design vari-
ables for the optimization are the geometry parameters
of a unit cell, i.e. X1 = {tr,t,tw,0,h, p} and X, =
{tr,tm, tg, twi, twa2, 01, 62, h, h1, p} for the one-layer and
two-layer configurations, respectively.

The mass per unit area as objective function for the one-
layer ITPS panel can be described as:

f1(X1) = prtr + pte + pwtwd/(psing)
+psd(1 — tw/(psind)) (D

and for the two-layer panel

f2(X2) = prtr + pmtm + pBtB + pwitwidi/(psinb)
+psdi (1 — tw1/(psind)) + pwatwada/
x(psinth) + psda2(1 — tw2/(psinds)) 2

withd = h — (¢ +18)/2,d1 = h1 — (tm + 1B)/2,d> =
h—hy — (tm+17)/2.
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Wherepr, pB, pow, pmand ps are densities of the top face
sheet, bottom face sheet, web, medium sheet material and
insulation material, respectively.

The constraint functions for the two configurations are
given as:

Max(Tgrs) < TLim (3a)
Min(A) > ALim (3b)
Max(o) < oLim (3c)
Max(D7rs) < Drim (3d)

where T, A, o and D are the temperature, buckling eigen-
value, von Mises stress and deflection of the panel, respec-
tively. The subscript Lim represents the allowable limits.

3 Thermo-structural analysis of the two configuration
panels

To obtain the thermo-structural responses required for the
design constraints of such ITPS panels, heat transfer and
structural field analysis is performed. For the current anal-
ysis, the bottom face sheet for the considered two panels
is made of a beryllium alloy, with its density of 1855
kg/m? and Poisson’s ratio of 0.063. Titanium alloy (Ti-6Al-
4V) is used for the top ( and medium ) face sheet as well
as the web core and its density and Poisson’s ratio are 4429
kg/m® and 0.31, respectively. The core of the sandwich
panel is assumed to be filled with Saffil fibrous insulation
with the density of 24 kg/m>®. The remaining tempera-
ture dependent thermophysical and mechanical properties
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of the materials used for the panels are taken from Ref.
Bapanapalli (2007).

3.1 Thermal analysis

One of the goals of performing a transient heat transfer anal-
ysis is to determine the maximum bottom face sheet tem-
perature, which is required for the temperature constraint.
Another goal is to identify the critical time of maximum
thermal gradient and provide the temperature distribution
along thickness of the panel at that critical time, which will
act as thermal loads for the structural analysis.

The model developed by Bapanapalli (2006) is used to
describe heat transfer of ITPS panel. A brief description of
the heat transfer models of ITPS is given in Appendix A.
The panel is subject to an incident heat flux assumed
to vary as shown in Fig. 2. Re-radiation condition and
convective heat loss are applied on the top surface. The
bottom surface is assumed to be adiabatic boundary condi-
tion. It has been shown that such a one dimensional heat
transfer model can accurately predict the temperature dis-
tribution through the thickness of the sandwich panel in
Ref. Bapanapalli et al. (2006). The heat transfer equations
of ITPS are solved numerically using an implicit, transient,
one-dimensional (1-D) finite difference technique, and the
temperature response at each time and each location can be
easily obtained.

3.2 Thermal buckling, stress and deflection analysis

To determine the mechanical constraints required for opti-
mum design of the two proposed ITPS configurations, the
thermal buckling, thermal stress and deflection analysis
will be carried out using ANSYS finite element software
package.

Fig. 3 Typical FE shell element

mesh for buckling analysis FrRMENTS

In the finite element model, only the solid portions of the
ITPS panel which include the face sheets and webs, is taken
into account. The insulation is a kind of soft, flexible cotton
wool material with nearly no mechanical properties com-
pared with the properties of other solid materials that make
up the ITPS panel, especially for such a low density (24
kg/m?) material. It is hard to be considered as a structural
member in previous analysis and design of thermal protec-
tion system (Bapanapalli et al. 2006; Poteet et al. 2004;
Pichona et al. 2009). Therefore, the insulation is omitted
from all thermo-mechanical structural analyses. Taking into
account the symmetry of the structure, a one-quarter sym-
metric representation is considered to reduce the number of
degrees of freedom at the development stage of model. Four-
node SHELL 181 elements with 6 degrees of freedom are
used in the modeling of the face sheets and corrugated core
sheets. The rigid constraint at the interfaces between the
face sheets and corrugated core sheets is modeled by mul-
tipoint constraint MPC184 elements. An example of mesh
is depicted in Fig. 3, and around 7852 elements are used
for the given finite element model. The boundary condi-
tions at the panel edges considered are 1) fixed z-direction
displacements of the BFS, and only fixed three rotations
of the TFS on the actual edges of the panel; 2) fixed dis-
placements in the direction vertical to symmetric surface
and fixed other two directions rotations on the symmetric
edges of the FE model. The loads in the stress, deflection
and buckling FE analyses include temperature, acrodynamic
pressure and in-plane compression loads. The temperature
distributions through thickness at the critical reentry time
obtained from the heat transfer analysis is imposed to each
node of the mesh in terms of its z-coordinates. The pres-
sure load is imposed on the top surface, while the in-plane
load is applied only in the y-direction of bottom face sheet
of panels.
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The thermal buckling behavior of different sections of the
ITPS panel was probed by running a set of FE elastic buck-
ling analyses (eigenvalue extractions) using the developed
models. For this research, the first 100 smallest eigen-
values and the corresponding eigenvectors were extracted
through ANSYS finite element analysis. From these val-
ues the smallest positive eigenvalue for each component of
panel was obtained separately.

The thermal stress and static deflection analysis of the
sandwich panels due to thermal gradients and mechanical
loads was also performed. From the analysis models, the z-
direction deflection of the top face sheet and the von Mises
stress for each section of the ITPS can be obtained from the
ANSYS output files.

4 Response surface approximations
for thermo-structural responses

During the optimization design process, hundreds of
thermo-structural analysis has to be performed to obtain
responses of thermal, buckling, stress and deflection con-
straints. The calculation of response data points by direct
finite element analyses would be computationally expen-
sive. To release the computational burden, many surro-
gate modeling methods are usually employed to generate
surrogates of the computationally expensive simulation-
based models such as Kriging models (Martin and Simpson
2005), support vector regression (Clarke et al. 2005), Arti-
ficial Neural Networks (Hastie et al. 2001), polynomial
based Response Surface Approximations (RSA) (Myers
and Montgomery 1995), etc In this research, a quadratic
response surface approximation, provided in Appendix B, is
used to construct each constraint as functions of the design
variables of the considered structures, since this method is
simple, easy to implement and has reasonable accuracy for
concept and preliminary design of structure. To avoid the
variables being clustered in any region of the design space,
plain Latin Hypercube Sampling (LHS) technique was used
for the design of experiments. In the plain Latin Hyper-
cube scheme, each of variable ranges is divided into N (the
number of sampling) equally spaced intervals. The values
per variable are randomly selected from each of these N
intervals and then combined to form an experimental design
points. N different combinations of the design variables
are obtained through repeated sampling. For the one-layer
corrugated sandwich panel, a quadratic RS approximation
in 6 variables has 28 coefficients and 150 function eval-
uations are used to determine all the coefficients. For the
two-layer configuration, there are 10 design variables and
65 coefficients. Therefore, a total of 500 Latin hypercube
sample points were input to the finite element analyses to
generate fairly accurate response surfaces approximations
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for the design process. To improve accuracy of fitted func-
tion, the response surfaces was fitted separately for different
components of ITPS panels in the previous research work
(Bapanapalli et al. 2006). Though this method is efficient
for the one-layer structure, no obvious improvement is
observed for thermal buckling response approximation of
the two-layer structure, due to large scatter of response val-
ues and large number of the design variables. Hence, in
this research, piecewise fitting concept is employed. We
firstly identified two design variables (variable A and B)
which give the most important influence on the response
based on the sensitivity analysis (see in Appendix C and
Section 7.1). And then, each non-dimensional variable is
divided into two intervals at its mean value, i.e. Xy
[0,0.5) N [0.5,1] andX g : [0,0.5) N [0.5, 1]. After that,
the domain constituted with the two identified variables can
be divided into three regions: variable domain (e.g.X4 €
[0,0.5), Xp € [0,0.5)) which has a positive impact on
the response, variable domain (e.g. X4 € [0.5,1], Xp €
[0.5, 1]) which has a negative impact on the response, and
the remaining domain (e.g.X 4 € [0.5, 1], Xp € [0, 0.5)and
X4 €10,0.5), Xp € [0.5, 1]). Finally, the response surface
between extreme response and design variables for different
domains was constructed separately using regression analy-
sis method (Xu 2004). The variables are rejected or accepted
at the significance level of 0.25. In the above-mentioned
method, the high and low values of extreme response are
partitioned in different domains determined by two most
influential variables, which significantly reduces the vari-
ation range of responses in one fitting. Therefore, better
fitting results would be obtained.

5 Optimization by simulated annealing algorithm

In the present study, we attempt to develop a procedure that
can locate global optimum designs with minimum mass per
unit area of the corrugated sandwich panels while satisfying
all the thermal and mechanical constraints in various parts of
the structure in a given design space. For this purpose, clas-
sical optimization techniques, based on the calculation of
derivatives, are excluded in these problems, since they have
the risk to be trapped in a local optimum. For global opti-
mization issue, the most commonly used methods include
Genetic Algorithm (GA) (Aryanezhad and Hemati 2008),
Particle Swarm Optimization (PSO) (Kumar et al. 2008)
and simulated annealing algorithm (Alrefaei and Diabat
2009; Kirkpatrick et al. 1983; Metropolis et al. 1953). It
was reported that the GA and PSO methods may have
deficiencies of premature convergence (Shi and Eberhart
1998; Shieh et al. 2011), which would degrades their perfor-
mances by reducing their search capability. In this respect,
simulated annealing method exhibits superior robustness
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and global searching capability, which has been successfully
used for many global structural optimization problems with
multiple local optima (Savsani et al. 2010; Lombardi et al.
1992; Erdal and Sonmez 2005). This method is inspired
from the thermodynamic process of annealing of molten
metals to attain the lowest free energy state (Kirkpatrick
et al. 1983). The key principle of the method is to allow
occasional worsening moves so that these can eventually
help locate the neighborhood to the global minimum accord-
ing to the Metropolis criterion (Metropolis et al. 1953).
For the current problem, the simulated annealing based
optimization design cycle we employed is shown below.

1) Starting from an initial design and given initial temper-
ature of 4000, final temperature of 0.0001, temperature
reduction factor, number of search points in a tempera-
ture of 50, and convergence criterion.

2) A new design is randomly generated in the design space
by applying a small perturbation to the current one.

3) Calculate the objective function value at the new design
point and compared with the current objective function
value. If the new objective function value is less than
the current value, the new design updates the current
one. Otherwise it is rejected, unless an acceptance prob-
ability P is greater than a generated random number
between zero and one.

4) The algorithm is terminated when the final anneal-
ing temperature is less than 0.0001, or the reduction
rate of the objective function value for two consecutive
temperatures is less than 0.00001

5) At the end of the cycle the temperature is updated, and
the cycle is repeated until the optimization is stopped
by the stopping criterion.

To speed up the optimization convergence, Harold et
al. (1987) developed a SA algorithm called Fast Simulated
Annealing (FSA). FSA uses the state generator with Cauchy
distribution to replace the state generator with Gaussian
distribution used in the classical SA. In previous research
(Harlod and Hartley 1987; Mageras and Mohan 1993; Wang
and Zheng DZ 2000), a detailed performance comparison
of the above two generators was made. It was concluded
that the Cauchy distribution implies an occasional long
jump among local minimum more easily than Gaussian
distribution, and then of course speed up the optimization
convergence. In the FSA, the design variables are updated
at each annealing time as follow:

¥ = x4y (UB; - LBy) @)

Where ¢’ is the time index for the annealing process, x;
is the ith design variable and x; € [LB;, UB;], UB; and
L B; are the upper and lower bounds of the x;, respectively.
y;i € [—1, 1] and y; is the random variable generated by the

following generating function
wi = Toasgn = 05) [+ 1/Ts) 1 —1] — 5)

Where u is a uniformly distributed random number on
[0, 17, sgn(x) is the sign function, and T4 is the temperature
controlling the optimization process.

The acceptance probability is classically given by the
Boltzmann probability, viz.

—AE ( )
P = exp 6
KpTsa

where AFE is the change in the energy value from one point
to the next, K g is the Boltzmann’s constant.

For this application, a geometric cooling schedule,
namely Tsa—new = 0.95Ts4_01q, is adopted. During
the optimization process using SA, the penalty function
approach is utilized to treat the constrained problems. By
adding a penalty term to the objective function, the con-
strained problem is transformed into unconstrained one.

6 Validation of thermo-structural analysis, RSA
and optimization models

Before the proposed methods are used for optimization
design of ITPS panel, various levels of validation are needed
to guarantee the reliability of the developed models. In this
section, the thermal, thermo-mechanical and optimization
design analysis are performed to verify the developed mod-
els. The obtained results were compared with the results
provided by Bapanapalli (2007) for the one-layer ITPS
panel. At the same time, the accuracy of RSA fitted mod-
els is also checked. The values of the geometric parameters
used for the validation are given in Table 1.

Figure 4 shows the variations of the temperature on the
BFS, the smallest thermal buckling eigenvalues, the maxi-
mum stresses as well as the deflection of TFS with reentry
time. As can be seen from the figures, both the results in
Ref. Bapanapalli (2007) and our results in the temperature
response on the BFS, maximum stresses and deflection of
the TFS correspond very well, as the maximum average
difference is less than 9 %. The smallest thermal buck-
ling eigenvalues exhibit large deviations, and the average
difference between them is about 16 %. Considering that
the selected properties of material, element type and size
of finite element model all have effects on the calculated
results, we think this difference is acceptable.

Table 1 The values of geometric parameters used for the validation

Parameters tw, mm 6,°

100.0

tT, mm
Value 1.2 3.84 1.01

tg, mm d,mm p, mm

101.9  56.25
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Fig. 4 Comparison of predicted
responses with respect to reentry
time in present study with the
results provided by Bapanapalli
(2007) the temperature on the
BFS and the smallest thermal
buckling eigenvalues (a), the
maximum stresses and the
deflection of the TFS (b)

The quality of constructed response surface of temper-
ature, thermal stress and deflection, and thermal buckling
constraints for one-layer and two-layer corrugated struc-
tures is summarized in Tables 2 and 3, respectively. The ‘R’

Table 2 Accuracy of the
constructed response surfaces
for one-layer ITPS
optimization
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in these tables stands for the coefficient of multiple deter-
mination of fitted function. The ‘RMSE-D %’ stands for
percentage of the root mean square error of design points
when compared to their average value of response. The

Constraints

Min Max Mean R

RMSE-D % RSME-T %

Temperature (K)

378.06 672.53 466.95 099 0.71

Deflection (mm) 0.72 7.70 295 099 3.76
Max. stress of TFS and WEB (MPa) 103.80 757.79 392.60 0.99 4.75
Max. stress of BFS(MPa) 90.20 437.25 264.70 099 4.22
Min. buckling eigenvalue of TFS 0.29  59.38 540 097 12.97
Min. buckling eigenvalue of WEB 0.24 4.39 1.13 098 8.70

0.57
2.34
4.39
3.41
11.36
9.13




Thermo-structural optimization of integrated thermal protection panels with one-layer and two-layer 487

Table 3 Accuracy of the

constructed response surfaces Constraints Min Max Mean R RMSE-D % RSME-T %
for two-layer ITPS
optimization Temperature (K) 364.78 652.07 456.67 0.99 0.73 0.57

Max. stress of BES(MPa) 10.70 274.10 72.53 0.95 18.36 14.25

Min. buckling eigenvalue of TFS 0.38 127.85 871 094 25.64 18.86

Min. buckling eigenvalue of T-WEB 027 16790 694 094 30.79 23.51

Min. buckling eigenvalue of MFS 0.88 12785 6.46 095 23.96 20.52

Min. buckling eigenvalue of B-WEB 025 13357 692 096 19.85 17.71

‘RMSE-T %’ stands for percentage of the root mean square
error of testing points when compared to the average
response value of design points. The determination method
for ‘R’, ‘RMSE-D %’, and ‘RMSE-D %’ values is pro-
vided in Appendix B. The response surfaces for all the
constraints of one-layer ITPS panel have very high coef-
ficient of multiple determination R which indicate good
prediction capabilities. The ‘RMSE-D %’ and ‘RMSE-T %’
for the constructed response surfaces are less than about
13 % in all cases. Since the extreme response values in the
top face deflection and stress of the top and medium face
sheets and webs of two-layer panel are far less than the
design allowable value, only the response surface accuracy
of the active constraints in the optimization is given, and
shown in Table 3. For the two-layer structure, the tempera-
ture response surface has been found to be highly accurate.
However, the thermal buckling eigenvalue response sur-
face shows large error between the actual and predicted
values of design points. This deviation may be due to a
large variation observed in the buckling eigenvalues at dif-
ferent design points, which decreases the accuracy of the
response surface approximations. Advanced surrogate mod-
eling techniques may be more efficient to improve the
accuracy of the design response surface. It is worthwhile
to highlight the fact that the present research is to discuss
the weight-loss feasibility of two-layer corrugated ITPS

structures at the concept design and preliminary design
phase. The improvement of accuracy for the given concept
would be the main task of the third phase of design (The
design phase usually includes concept design, preliminary
design, and detail design phase). Therefore, in spite of the
large errors, the response surface approximations can be
expected to be qualitatively reasonable and can be used for
the design process.

The optimum design for the one-layer panel was also per-
formed using the response surface approximation and simu-
lated annealing technique for validation of the optimization
proposal. A maximum allowable bottom surface tempera-
ture of 473 K, a smallest allowable buckling eigenvalue of
1.25, a maximum allowable safety factor satisfying the max-
imum stress theory of 1.2, and a maximum allowable top
surface deflection of 6 mm were included. The yield stresses
of titanium alloy and beryllium alloy used for the analy-
sis are 620 MPa and 290 MPa, respectively. The ranges of
the geometric parameters and the optimized design results
in comparison with the results in Ref. Bapanapalli (2007)
are given in Table 4. Instead of the length of the whole panel
and the number of unit cell, the length of unit cell is con-
sidered as design variable for the current analysis. We made
minor conversion to these design variables (the length of
unit cell is the ratio of the length of whole panel and the
number of unit cell). From the results, it is demonstrated

Table 4 The ranges of

geometric parameters and the Ref. Gogu et al. (2009), Opt. 1-4 Opt.1 Opt.2 Opt.3 Opt.4 Present study

optimized design results in

comparison with the results in tr(1-2mm) 1.2 1.2 1.32 1.2 1.18

Ref. Bapanapalli (2007) tg(2-8mm) 3.84 7.49 5.49 7.75 5.08
tw(1-2mm) 1.01 1.63 1.36 1.62 1.26
6(80-100°) 100 80 100 80 99.99
h(80-1-20mm) 101.9 80 120 83.82 81.19
L(450-900mm) 450 682.9 450 496.9 —
n(4-10) 4 10 6 8 4
p=L/2n(22.5-112.5mm) 56.25 34.145 37.5 31.056 64.01
Mass kg/m? 23.658 40.028 40.770 43.596 23.406
Actual Max(T grs) (K) 457.93 — — - 468.55
Actual Max(op.)(MPa) 259.12 — — - 257.29
Actual Min() 0.98 — - - 1.13
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Table 5 The ranges of geometric parameters for the design of the one-
layer configuration

Parameters tr, tg, tw, 6,° h, p;
mm mm mm mm mm
Range 1-2 2-8 12 80-100.0 80-120 22.5-112.5

that the designed geometric parameters for this research are
within the range of five design points presented in Ref.
Bapanapalli (2007). The current designed weight is very
close to the lightest design results with four unit cells in
Ref. Bapanapalli (2007). The actual response values of the
active constraints for the current design and the lightest
design in Ref. Bapanapalli (2007) are also shown in Table 4.
The generally good behavior demonstrates that the provided
multidisciplinary optimization models are fairly accurate
and can be relied upon.

7 Results and discussion

As mentioned above, hundreds of thermo-structural analysis
was performed to obtain response data points which were
then used for construction of the response surface approxi-
mation. To extract more useful information for the structural
design and RSA construction from the response data, we
performed a sensitivity analysis. And then the optimization
design results for the two configurations were discussed.
In this study, the ranges of the geometric parameters used
for the design of the one-layer and two-layer core config-
urations are the same as that provided in Ref. Bapanapalli
(2007), and given in Tables 5 and 6, respectively. It should
be mentioned that the lower bound of the bottom and top
core height is supposed to be 5 mm during the design pro-
cess of the two-layer panel, considering the manufacturing
limitations on the sizes.

7.1 Thermo-structural extreme responses sensitivity
analysis

To gain good insight into the responses mechanism and
facilitate the subsequent optimum design, the correlation
coefficient method was employed to roughly gauge the
contributions of each geometric parameter to the thermo-
structural extreme responses. A brief description of corre-
lation coefficient method (Miller et al. 1965) is given in

Appendix C. The calculated correlation coefficients for the
one-layer and two-layer ITPS panels are shown in Fig. 5a
and b, respectively. As can be seen from Fig. 5a, the length
of unit cell p has significant effect on all the thermo-
structural extreme responses. With the increase of the p
value, the maximum temperature of the bottom face sheet
and the minimum thermal buckling eigenvalue decrease,
and the maximum thermal stress and the maximum deflec-
tion of the top face sheet increase. The changes in the
buckling eigenvalue, stress and deflection may have neg-
ative impact on the structural safety. However, large unit
cell length is favorable to the extreme temperature response
which makes the panel gain more thermal safety margin.
Increasing the height of panel h is helpful to decrease
temperature, stress and deflection for the structural compo-
nents of interest, but higher panel is susceptible to thermal
buckling. The values of tg and tw have greater positive
impact on the extreme temperature and buckling eigenvalue
of web, respectively. The tt seems to have little effect on
the extreme responses for the current considered range of
design variables, indicating that this parameter may not be

an important design factor.
Since the extreme response values in the top face deflec-

tion and stress of the top and medium face sheets and webs
of two-layer panel are far less than the design allowable
value, only the effects of design parameters on the temper-
ature, stress on BFS and buckling extreme responses are
plotted in Fig. 5b. The length of unit cell p is still the most
important design parameter, and all the extreme thermal and
buckling responses are reduced with the increase of this
parameter. It is interesting to notice that the h; became to be
more important parameter in effecting the thermal buckling
than the web thickness. The higher bottom web core, the
smaller buckling eigenvalue of bottom web, and the larger
eigenvalues of top face sheet and top web. The 6; has non-
negligible effect on the thermal buckling of the bottom web.
In addition to p, the value of tg has considerable influence
on the stress of BFS. With its increase, the deformation
resistance by the bottom face sheet is much higher because
it is the thickest section of the panel and thus leads to this
reduction of thermal stress. The maximum back side tem-
perature decreases with the rise of tg and h, which is similar
to that for one-layer structure. These can be explained by
the fact that large panel height increases the heat trans-
fer path as well as the fact that the bottom face sheet is
the most effective thermal mass of the panel structure. As
expected, increasing the tw> leads to the enhancement of

Table 6 The ranges of

geometric parameters for the Parameters tr, mm

design of the two-layer Range 1-2

configuration Parameters 6,.°
Range 80-100

tv, mm tg, mm twi, mm tw2, mm
1-2 2-8 1-2 1-2

6,,° h, mm hy, mm p, mm
80-100 80-120 5-(h-5) 22.5-112.5
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Fig. 5 Correlation coefficients
between the design parameters 1.6

and the extreme responses for L
the one-layer (a) and two-layer 14 |-
(b) ITPS panels
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heat short effect and thus increases the extreme back side
temperature, in that the top web is directly connected with
the hot side of the panel subjected to aerodynamic heat-
ing. Such information would greatly contribute to improve
the understanding of influence of individual design param-
eter on the thermo-mechanical responses of the panels, and
therefore provide greater confidence on the effects of design
changes.

7.2 Optimization design results

The design results shown in Tables 7-8 and Tables 9-10
are obtained at different temperature and buckling limits
by imposing all the thermo-structural constraints, for the
maximum allowable deflection of 6 mm, allowable stress

in top/medium face sheet and webs of 620 MPa and in
bottom face sheet of 290 MPa for the one-layer and two-
layer panels, respectively. In all cases, the designed weight
increases as the design constraints become more and more
demanding. For one-layer structure, the values of tg and
tw increase with increasing buckling eigenvalue limit and
decreasing temperature limit. For the same temperature
limit, to enhance the buckling resistance of these long sec-
tions of webs, the value of tywis increased. This causes more
heat to be conducted into the panel, and thus the thermal
mass and heat transfer path needs to be increased. This is
done by increasing the value of tg and h. The value of p
has to decrease in order to decrease the length of the unsup-
ported sections. This is consistent with the results provided
in Ref. Bapanapalli et al. (2006). 6 is at the upper bound.
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Table 7 The optimization
results for the one-layer ITPS
panel at different minimum
allowable eigenvalue limit for
the maximum allowable bottom
face sheet temperature of 473K

Table 8 The optimization
results for the one-layer ITPS
panel at different minimum
allowable eigenvalue limit for
the maximum allowable bottom
face sheet temperature of 453K

Table 9 The optimization
results for the two-layer ITPS
panel at different minimum
allowable eigenvalue limit for
the maximum allowable bottom
face sheet temperature of 473K

@ Springer

Design # S1 S2 S3 S4
Eigenvalue limit 1.00 1.50 2.00 3.00
tr (1-2mm) 1.19 1.19 1.22 1.98
tg (2-8mm) 4.74 5.09 5.43 7.87
tw (1-2mm) 1.10 1.45 1.71 2.00
6(80-100°) 99.88 99.79 99.99 99.96
h (80-120mm) 80.78 85.94 88.79 89.93
p (22.5-112.5mm) 65.68 63.13 61.59 44.31
Mass kg/m? 21.76 25.22 28.17 42.56
Actual Max(Tprs) (K) 465.73 471.28 474.18 470.90
Actual Max(Drrs) (mm) 2.93 2.58 2.37 1.44
Actual Max(or;) (MPa) 362.50 331.82 308.73 305.22
Actual Max(op,) (MPa) 257.26 259.49 250.92 219.83
Actual Min(}) 0.92 1.37 1.59 2.77
Design # S5 S6 S7 S8
Eigenvalue limit 1.00 1.50 2.00 3.00
tr (1-2mm) 1.17 1.20 1.25 —
tg (2-8mm) 5.82 6.03 6.40 —
tw (1-2mm) 1.19 1.57 1.85 —
0(80-100°) 99.98 99.88 99.96 —

h (80-120mm) 80.44 88.79 92.38 —

p (22.5-112.5mm) 63.52 61.78 60.54 —
Mass kg/m? 24.25 28.24 31.63 —
Actual Max(Tprs) (K) 450.24 454.86 456.63 -
Actual Max(DrFs) (mm) 2.77 2.42 2.34 —
Actual Max(or;) (MPa) 385.55 332.19 306.16 —
Actual Max(op,) (MPa) 135.08 251.87 247.52 —
Actual Min(}) 0.95 1.24 1.56 -
Design # D1 D2 D3 D4
Eigenvalue limit 1.00 1.50 2.00 3.00
tr (1-2mm) 1.00 1.00 1.00 1.00
tm (1-2mm) 1.00 1.00 1.00 1.00
tg (2-8mm) 2.00 2.13 2.62 3.44
tw1 (1-2mm) 1.00 1.00 1.00 1.31
tw2 (1-2mm) 1.00 1.00 1.00 1.00
61(80-100°) 88.65 90.45 89.66 88.71
6>(80-100°) 89.40 80.76 80.20 80.08
h (80-120mm) 98.07 96.79 88.21 80.07
h; (5-(h-5)mm) 38.23 51.21 51.90 58.21
p (22.5-112.5mm) 112.44 112.32 112.34 112.48
Mass kg/m? 18.62 18.81 19.16 20.79
Actual Max(TpFs) (K) 405.10 406.07 410.62 421.22
Actual Max(D7Fpg) (mm) 0.61 0.54 0.53 0.49
Actual Max(or;) (MPa) 332.36 342.22 339.35 358.39
Actual Max(op.) (MPa) 71.88 68.29 70.96 58.88
Actual Min() 0.75 1.10 1.63 3.01




Thermo-structural optimization of integrated thermal protection panels with one-layer and two-layer

491

Table 10 The optimization

results for the two-layer ITPS Design # D5 D6 D7 D8

panel at different minimum

allowable eigenvalue limit for Eigenvalue limit 1.00 1.50 2.00 3.00

the maximum allowable bottom tt (1-2mm) 1.00 1.00 1.00 1.00

face sheet temperature of 453K tp (1—2mm) 1.00 1.00 1.00 1.00
tg (2-8mm) 2.32 2.74 3.24 4.14
tw1 (1-2mm) 1.00 1.00 1.00 1.34
tw2 (1-2mm) 1.00 1.00 1.00 1.00
01(80-100°) 88.76 91.42 88.08 85.74
6»(80-100°) 83.21 81.95 80.04 80.45
h (80-120mm) 105.04 97.28 88.41 80.16
h; (5—(h-5)mm) 51.08 54.49 52.83 55.53
p (22.5-112.5mm) 112.45 112.42 112.45 112.50
Mass kg/m? 19.65 19.94 20.30 22.14
Actual Max(Tgrs) (K) 390.46 394.54 399.24 409.06
Actual Max(D7Frs) (mm) 0.56 0.55 0.50 0.49
Actual Max(o7;) (MPa) 332.10 344.51 337.54 345.78
Actual Max(op.) (MPa) 69.05 70.52 68.50 56.62
Actual Min() 0.86 1.18 1.67 3.01

Optimization for high buckling eigenvalue larger than 2.4
at allowable temperature limit of 453K did not produce fea-
sible design results due to the combined requirement of
temperature, buckling and stresses in bottom face sheet for
the current range of variables.

For the optimization of two-layer one, the maximum
thermal stress and deflection constraints become non-active
because the calculated responses for most of design points
are far less than the allowable values. From Tabs. 9-10,
it is observed that the values of tg and tw for two-layer
structure increase with the rise of buckling eigenvalue limit
and the decrease of temperature limit. The optimized design
had tw», tr and ty at the lower bounds. For all the con-
straint conditions, the value of p would preferably stay at
the upper bound for the two-layer structure, which means
that less number of connections between panel and body
structure of space vehicle is required. This could help to
minimize the areal density of panel and facilitate to obtain
lighter weight design of the vehicle outer structure. The val-
ues of h decrease with the rise of buckling eigenvalue limit
at the same temperature limit. It is interesting to observe that
the ratio of h; to h increases with increasing the buckling
eigenvalue limit, which indicates that the medium face sheet
approaching hot side in proportion is beneficial to withstand
thermal buckling deformation of two-layer panel. The actual
response values of each design are also shown in the cor-
responding tables. The error between the actual response
values and the design limits in the buckling eigenvalues may
be attributed to the rough response surface approximation
for the two-layer corrugated panel. It is suggested that more
detailed fitting model is developed in future research to
improve the accuracy of response surface. Anyway, in terms

of discussing the feasibility of lowering weight from a new
configuration of ITPS panel, the agreement was reasonable.

From a weight standpoint, panels with two-layer cor-
rugated core panels are found to be more efficient for
the given conditions, about 14-29 % lighter at the low
thermo-mechanical constraints levels. The designed weight
for the two-layer panel is 22.14 kg/m?, which is about
50 % lighter than that of 42.56 kg/m? for the one-layer
structure at the allowable smallest eigenvalue of 3. The
two-layer structure exhibits great potential to implement
lighter weight design with severe thermal buckling design
requirements while obtaining more temperature, stress and
deflection margins. From the thermal analysis results, it was
observed that all the critical times of maximum thermal
gradient occurs before 2175s, which means that the active
mechanical loads for the optimization design is only the in-
plane inertial compression load. Based on the derivations by
Vinson (1987) and Tian (2005), the buckling stress exhibits
quadratic dependence on the ratio of thickness to its length
when a corrugated core sandwich panel is subjected to
uniaxial compression load. The excellent thermal buckling
resistance of the two-layer structure may be explained by
the fact that the core is separated by the medium face sheet,
which reduces the top and bottom core height, and thus the
ratio of web thickness to the height of each core section
increases when the web thickness is given to be constant,
leading to the buckling failure stress increase. The existence
of the medium face sheet separated the bottom core and
top core increases the lateral heat conduction, and there-
fore the heat transfer from outside to inside is suppressed.
Apart from that, the configuration with two layer cores con-
tributes to increase the rigidity of the panel and resisting the
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deformation of the top face sheets. These were considered as
the primary mechanism to reduce the weight for the current
design variable range and constraint level.

8 Conclusion

In order to determine if there is possibility to realize the
weight-loss purpose through optimizing configuration of
cross-sections for ITPS panel, we did a comprehensive
study on the minimum-weight optimum design of two
metallic corrugated core sandwich panels subjected to in-
service thermal and mechanical loads by using simulated
annealing algorithm, in which the geometric parameters in
describing the two candidate configurations were selected
as design variables, and the thermal, buckling, stress and
deflection were considered as constraints of the optimiza-
tion problem. Sensitivity studies were conducted to deter-
mine the influence of various design parameters on thermal
and mechanical extreme responses. The results showed that
the length of unit cell, height of panel, thickness of bot-
tom face sheet and web are the most important parameters
effecting on the thermo-structural extreme responses for
each configuration. For the two-layer core panel, the cor-
rugation angle of bottom core and the top web thickness
also play a vital role in the smallest thermal buckling eigen-
value and peak temperature, respectively. An area-specific
weight for panels with two-layer corrugated core is reduced
by more than 14-29 % with respect to the one-layer core
design. 30-50 % weight saving can be achieved at high ther-
mal buckling constraints level for the two-layer structure
while keeping considerable temperature, stress and deflec-
tion margins. The results demonstrate that the two-layer
ITPS panel provides superior structural efficiency compared
to the one-layer structure for the current considered condi-
tions. The two-layer structure is more promising to achieve
the goal of a large, thin, and low weight ITPS panel concept.
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Appendix A: Heat transfer models of ITPS
(Bapanapalli et al. 2006)

The ITPS panel is subject to an incident heat flux. Re-
radiation condition is applied on the top surface with an
emissivity of 0.8. Convective heat loss is also applied on
the top surface, after aerodynamic heating is ceased. The
bottom surface is assumed to be conservative adiabatic

@ Springer

boundary condition. It is also assumed that there is no ther-
mal contact resistance at the interface between the face
sheets (and webs) and the insulation materials. The prop-
erties of the sandwich core are calculated using the rule of
mixtures formula given below:

pwitw + ps (psin® — ty)

= 7
¢ psin6 @

_ Cwpwtw + Csps (psin® — tw)

Cc -
pwtw + ps (psing —ty)

®)

_ kwtw + ks (psin® —ty)

k
¢ psinf

©))
where C for specific heat, k for conductivity, 6 for the
corrugation angle. The subscripts C and W represent the
homogenized core and structural web material.

The heat transfer problem is modeled as a one-
dimensional thermal analysis. The governing equations and
boundary conditions can be written as following.

Heat transfer equation for ITPS:

. T (x, 1) c aT (x, 1)
T,C,(M),B 9.2 = pr.c,(M),BLT,C,(M),B 9T
0<t <tepa (10)
Initial condition:
Tx,t=0)=T; (11
Boundary conditions:
oT (x, 1)
Gour = —kp—— =0 (12a)
X |ymht(r+1p)/2
oT (x, 1)
qin = —kr——— =gq;(t) —¢eoT (0, r)4
dx x=0
—h(t) T (0, 7) (12b)

Where T is temperature, T is time, x is location along the
thickness direction, 7; is the initial temperature of the panel
before atmospheric reentry, ¢ the emissivity of the top sur-
face, o is the Stefan-Boltzmann constant, g;(t) is the heat
influx, and h(7) is the convection coefficient at the top sur-
face. The subscripts T, C, M and B represent the top face
sheet, homogenized core, medium sheet and bottom face
sheet of the ITPS panel, respectively.

Appendix B: Response surface methodology

The response surface method fits a function to a set of exper-
imentally or numerically evaluated design data points. In
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this approach, an appropriate polynomial is fitted to a set of
data points by least squares method.

For a quadratic response surface approximation, the poly-
nomial is formulated as:

n j—l1

Y=PF0+ Y BiXi+ Y BuiX2+Y > BuiXiX; (13)

i=1 i=1 j=li=1

Where B is regression coefficient and X; represents the ith
design variables, n is the number of the design variables.

One of the most frequently used parameter to access the
quality of the fitted response surface is the coefficient of
multiple determination, which measures the fraction of vari-
ation in data captured by the response surface. The remain-
ing variation is attributed to random noise. The coefficient
of multiple determination R? is defined as
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Where Y; is the actual value of the response at the design
point, f/: is the predicted value, and Y is the average value of
Y;. If the R value is closer to 1, the polynomial fitted model
gives a good fit. More details on the polynomial response
surface approximation have been provided in Ref. Poteet
et al. (2004).

To evaluate the accuracy of response surface approxi-
mation, two data sets and various statistical criteria were
used. The design data set includes all data points used in
constructing response surface. The test data set contains
n:(n; =50 here) randomly selected points Yl.*. The total root
mean square error (RMSE) oof response surface in the
design data set is defined as

1 —0
D) (15)

i=1

The percentage total RMSE for the design points, desig-
nated as ‘RMSE-D %’, is obtained as the ratio of ¢/Y.
The root mean square error in the test data (probability
calculation) eis given by the expression

1 & —
— — * )2
e= | AR (16)

i=1

The percentage total RMSE for the test points, designated
as ‘RMSE-T %’, is obtained as the ratio of /Y. If this value
is close to zero then the model performs well.

Appendix C: Correlation coefficient method

The correlation coefficient r is given by

Y X=X -Y)
;= i=1 a7
Y (Y —Y)? 2 i —-Y)?

i=1 i=1

Where X represents the mean value of input variables. The
correlation coefficient can be interpreted as the fractional
contribution to the uncertainty in the output due to uncer-
tainty in a given input parameter. The magnitude of the
correlation coefficient provides a way to rank the impor-
tance of the individual physical variables. If the absolute
value of correlation coefficient is close to unity, the param-
eter strongly affects the response. On the other hand, if the
correlation coefficient is close to zero, the parameter has
little contribution to the response. Evaluating the correla-
tion coefficients can therefore offer good insight into the
mechanism of the response.
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