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Abstract

Thermal protecti.on system (TPS) is one of the most important subsystems of hypersonic
vehicles which are subjected to severe aerodynamic heating. The reliability and structural
integrity of TPS are crucial to the structural safety and integrity of hypersonic aircrafts.
During the design and service stages of the TPS, there are numerous inevitable uncer-
tainties in aerothermal environment, material properties, manufacture and assembly
errors, analysis modeling errors, etc., which have great impact on the reliability assess-
ment of the TPS. In this chapter, the probabilistic heat transfer for TPS is presented to
achieve light-weight TPS with high reliability. The uncertainties and their modeling and
sampling methods are introduced at first. Then the finite element model and the precise
integration method for transient probabilistic heat transfer of TPS are given. Based on the
theoretical and numerical methods, the probabilistic design and reliability assessment
procedure for TPS are finally formed. A typical multilayer ceramic composite material
TPS is used as example to show the effectiveness of the proposed method.

Keywords: thermal protection system, uncertainty, probability method, reliability
assessment, precise time integration

1. Introduction

When the vehicle flies in the atmosphere with hypersonic speed, the air is strongly compressed
and rubbed, which converts kinetic energy into heat, resulting in a sharp increase of the
ambient air temperature. The air temperature in stagnation point of the vehicle can reach
400°C when Ma > 3.As the flight Mach number further increases, a strong bow shock will be
formed in front of the head. The gas temperature in the shock layer is very high, causing the
dissociation and ionization of air molecules, generating thermal radiation effects. Elevated
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temperatures can easily lead to damage to crew members and instruments in the cabin and
adversely affect the structural integrity and reliability of the projectile. Meanwhile, the heat
radiation of the shock wave layer and the optical window is also the infrared interference
source of the optical system. Therefore, thermal protection is always a major issue for the
design of hypersonic vehicles.

There are different types of TPSs according to the aerothermal conditions. NASA has classified
the TPS into three categories, namely the passive, semi-passive, and active thermal protection
system. The structure and technology of the active TPS are more complicated, which is the key
and a difficult point for the research of the reusable hypersonic vehicle in the future. Currently,
ablative and non-ablative passive (semi-passive) TPSs are being used extensively in hypersonic
vehicles, both of which are typical multilayer TPSs. The non-ablative passive or reusable TPSs
mainly include the rigid ceramic tile TPS, the metallic TPS and the ceramic matrix composite
(CMC) shingle TPS.

The ablative thermal protection structure uses carbon, silicon, phenolic, and other heat-
resisting ablative composites to cover the surface of vehicles. The material undergoes complex
physical and chemical changes such as decomposition, melting, evaporation, sublimation,
and erosion. The heat is taken away by the consumption of the surface material [1], and the
working mechanism is shown in Figure 1. Under the action of heat flow, the resin matrix
and other inside materials are pyrolyzed after absorbing heat. The generated gas flocks to
the boundary layer to prevent heat from transmitting into the inside material, causing a heat
blocking effect. At the same time, the resin and other carbonized products caused by heating
are deposited on the surface to form a “carbonization layer,” which acts as an outward
radiation.

Rigid ceramic tile TPS consists of ceramic tiles (high temperature and emissivity coating),
nomex flexible strain isolation pad (SIP), room temperature vulcanizing (RTV) silicone, and
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Key: 1 — thermal radiation flux in; 2 — thermal radiation flux out; 3 — convective
flux; 4 - heat conduction flux; 5 - chemical species diffusion; 6 - pyrolysis
gases; 7 — reaction products; 8 — mechanical erosion; 9 — melt flow.

Figure 1. Typical ablative thermal protection system profile [1].
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gap filler, and the multilayer structure is shown in Figure 2. The latest generation of this kind
of TPS is the toughened uni-piece fibrous reinforced oxidation-resistant composite (TUFROC),
which is used in the X-37B spacecraft. This new ceramic composite structure not only with-
stands the heat generated during reentry but also solves the bottleneck problems of ceramic
tiles in the high-temperature environment, such as thermal cracking and oxidation. TUFROC
comprises a treated carbonaceous cap composed of refractory oxidation-resistant ceramic
carbon insulation (ROCCI), which provides dimensional stability to the outer mold line, while
the fibrous base material provides maximum thermal insulation for the vehicle structure. This
structure can be reused, and its structure is shown in Figure 3.

The research on metallic TPS started in the late 1950s to early 1960s. Metallic TPS has the
advantages of light quality, durability, strong maneuverability, and low cost. At present, the
main structure of metallic TPS is superalloy honeycomb TPS panel, which can be used for
windward or leeward surfaces of hypersonic vehicles with 600-1200°C. The structure of an
improved metallic TPS design, adaptable robust metallic operable reusable (ARMOR) insula-
tion, is shown in Figure 4. In this structure, the honeycomb sandwich panels are simulta-
neously subjected to aerodynamic heating, pneumatic pressure, and sound pressure. In order
to solve the connection difficulties, the outer honeycomb sandwich panel is connected to
support structure at each corner of the panel box by the metal bracket. The pressure load is
transmitted through the four flexible supports and the beam structure of the panel box, not
only avoiding thermal interference but also to allow free thermal expansion of the outer
surface [4, 5].

The concept of CMC shingle TPS was originally preferred by HERMES. Compared with the
traditional rigid ceramic tile TPS, it has the advantages of strong impact resistance, easy

Filler Bar

Sitrain Isolation Pad

Figure 2. Schematic of rigid ceramic tile TPS [2].
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Figure 3. Schematic and application of TUFROC [3].
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Figure 4. Schematic of ARMOR metallic TPS [5].
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Figure 5. Schematic of CMC shingle TPS [6].

loading and unloading, easy to monitor, and so on. Compared with metallic TPS, it has the
advantages of high carrying capacity, high temperature resistance, producing larger size com-
ponents, and lower maintenance costs. As shown in Figure 5, this kind of TPS consists of CMC
shingle, sealing materials, internal insulation materials, and connectors. The structural ele-
ments of CMC shingle TPS can be divided into two categories, namely, the element to with-
stand mechanical load (mechanical enclosure, fasteners, etc.) and element to withstand heat
load (internal insulation, insulation felt, etc.). In the design stage, the mechanical and thermal
protection functions can be treated separately so that the best material can be selected in each
field.

For a variety of TPSs, design and maintenance is a comprehensive system issue that includes
the acquisition of aerodynamic thermal, determination of materials and sizing, numerical and
experimental verification, flight tests, health monitoring and management, maintenance, and
other aspects. Various uncertainties exist in all stages, such as ballistic deviation, deviation of
material property, model errors, data measurement errors, system assembly deviations,
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external loading conditions, and other unknown uncertainties. How to fully consider the
influence of these uncertainties in the process of design and use and to set system margin and
safety factor reasonably is the key issue for the reliability and structural integrity of TPS.
Therefore, in the following sections, the treatment of various uncertainties and the probabilistic
design method for TPS will be systematically introduced.

2. Uncertainties in TPS and their analysis methods

2.1. Classification and acquisition of uncertainties

There are two kinds of uncertainties in the design and service stage of TPS. One is based on the
nature of the uncertainty and the other is based on the source of the uncertainty. According to
the nature of uncertainties, they can be divided into the following three categories [7]:

1. Stochastic variability: It means that uncertainty can be clearly recognized but cannot be
reduced by means of experiment or analysis, such as natural fluctuations in the atmo-
spheric environment and so on. If the quantitative change law of this kind of uncertainty
can be obtained or it can be parameterized, it can be analyzed by Monte Carlo simulation.

2. Structural uncertainty: It mainly refers to the errors and uncertainties caused by mathe-
matical models and numerical discretization, such as the simplification of physical pro-
cesses and boundary conditions, temporal and spatial discretization errors, and so on.
These kinds of uncertainties require reliable validation and verification of the model to
control their effect on the design and application of TPS.

3. Parametric uncertainty: It mainly refers to the uncertainties of the various input parame-
ters required in the analysis and design, such as the catalytic and emissivity of the wall, the
rate of chemical reaction, transition criteria, and so on.

According to the sources of the uncertainties, they can be roughly divided into the following
categories:

1. Trajectory uncertainties: It is mostly due to navigation uncertainty and orbital maneuver
uncertainty, which can be modeled by the overshoot and undershoot of trajectory design.

2. Aerodynamic heating uncertainties: In hypersonic flight, complex ionization and chemical
reaction occur in the boundary layer. Besides, uncertainties in flow conditions and bound-
ary conditions are also factors causing aerodynamic uncertainties. The uncertainty of
aerodynamic heating is one of the key factors in the size design of TPS.

3. Material uncertainties: For non-ablative TPS, the deviation of parameters, such as thermal
conductivity, heat capacity, surface emission coefficients, and other thermal physical
parameters, is mainly considered. For ablative TPS, the abovementioned uncertainties
must be considered both before and after ablation. In general, material uncertainty is
obtained by experiment. Material uncertainty is also one of the major factors in the size
design of TPS.

47
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4. Uncertainties of processing and assembly error: The error of processing and assembly
refers to the geometric uncertainty, such as thickness error, geometric error, gap in assem-
bly process and so on.

5. Analysis model uncertainties: This kind of uncertainty refers to the error introduced in the
description, modeling, and numerical calculation process of TPS. The uncertainty of the
numerical calculation part can be controlled and estimated by the validation and verifica-
tion of the model.

6. Uncertainties of ground test: This type of uncertainty mainly refers to the ground test
equipment that cannot accurately reproduce the true working process of aerodynamic
thermal environment. In general, the impact of this type of uncertainty can be eliminated
by reasonably setting the thickness margin of the TPS.

7. Other unknown uncertainties: Other uncertainties not included above.

As mentioned above, there are many uncertainties in the design, analysis, and use of TPS. Due
to its complexity, it is almost impossible to accurately obtain the degree and distribution of
uncertainty through a large amount of test data. Therefore, in probability analysis, it is often
necessary to combine various methods to estimate the uncertainty of the input parameters. In
general, there are six ways to get the uncertainty of the system parameters [8]. These ways are:

1. A combination of a variety of data sources to estimate the mean and standard deviation of
the parameters. This is the only approach that is statistically rigorous and should be used
wherever possible.

2. Performing an independent assessment of the data source. This method can be used when
only a single data source is available.

Using recommended data in relevant reviews or reports.
Using the uncertain data given or cited in the original data.

Adopting the similarity rules.

A

Relying on the expert judgments.

2.2. Sampling methods and surrogate models

2.2.1. Sampling methods

In the probability and reliability analysis of TPS, the sampling procedure is always inevitable.
Therefore, how to obtain the statistical characteristics of the system accurately with a few
samples is the key to improve the overall analysis efficiency. We introduce three commonly
used sampling methods in probability analysis, namely the Monte Carlo sampling method, the
Latin hypercube sampling method, and the adaptive importance sampling method.

(1) Monte Carlo sampling method.

Monte Carlo sampling can be directly used to simulate the real process of various projects.
When the input uncertainty can be quantified, this method can simulate any process of the TPS
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in practice. A significant disadvantage of this method is that there is no memory feature for the
sampling process, which may lead to a concentration or agglomeration of sampling points
around a local region of the sample space. If the sample data are distributed in the entire input
parameter space unevenly, those concentrated data points in the simulation cycle are equiva-
lent to double counting, which does not provide effective reference value any more.

(2) Latin hypercube sampling method.

Latin hypercube sampling method has the feature of sampling memory, which can effectively
overcome the problem of low efficiency caused by data concentration in Monte Carlo sampling
method. Besides, it forces that the sampling points must be discretely distributed throughout
the sampling space. Therefore, in general, for the same precision results of same problem, Latin
hypercube sampling method can reduce the simulation cycle number by 20-40% than direct
Monte Carlo sampling method. It needs to be pointed out is that the number of simulation
cycles is determined by the problem itself to achieve a desired accuracy or confidence level.

In Latin hypercube sampling method, the range of each random variable is divided into
several intervals. A representative value is randomly selected from each interval of a random
variable. These representative values form a sample of this random variable, which ensures
that all possible values are extracted during the sampling process, called the memory feature in
the sampling process.

(3) Adaptive importance sampling method.

In the analysis of system probability properties, the distribution of output parameters in the
whole sample space is concerned. Therefore, we should avoid sample concentration in a
certain area when sampling. But in the analysis of system failure probability or reliability,
more attention should be paid to the samples near the failure critical state. However, the failure
probability of the TPS is very low. If the direct Monte Carlo or the Latin hypercube method is
used, the samples near the failure state are sparse and thus the final failure probability
estimation is not accurate enough. In this case, important sampling methods can be used to
change the sampling center of gravity in order to increase the number of samples in the failure
state.

2.2.2. Surrogate models

In the analysis of probability and reliability of TPS, the direct calculation using the sampling
method introduced in the previous article consumes a large amount of computational
resources. However, it is an effective way to improve computational efficiency by replacing
the complex relationship between random input and stochastic output using the existing data
to construct the surrogate model. At present, the surrogate models commonly used in the
engineering field include response surface method (RSM), Kriging model, and so on.

(1) Response surface method.

The basic idea of RSM is to use a proper function to approximate a function that cannot be
explicitly expressed. The main purpose is to reduce computation as much as possible with
acceptable accuracy. To achieve this goal, the probabilistic features of the original state surface
must be described as accurately as possible, especially near the design point. RSM assumes
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that the influence from random input variables can be expressed using mathematical func-
tions. In general, the function is a polynomial of one or two orders, such as:

k
y=38(x) =By + > Bai 1)
=1

k k
y =g(x) =B, + Z:Bixi + Z:Biixiz + Z Zﬁijxixj )
i1 i1 '

P>

where B, B, p;;, and 5;; represent polynomial coefficients obtained by fitting the sample points,

usually determined by least square method.

For TPS, although it is unrealistic to accurately replace the real function by the response surface
function, sensitivity analysis based on the response surface can be easily performed to provide
guidance for subsequent parameter designs. In practice, the RSM is often used to solve the
probability and sensitivity near the checking point where the performance function is easier to fit.
Meanwhile, the simplified form of the response surface also helps to reduce the computational
efforts of system analysis when analyzing the sensitivity of a TPS with multiple random variables.

Although RSM requires fewer samples than the Monte Carlo method, it is not as versatile as
Monte Carlo simulation techniques. In order to use RSM, the function relationship among
random variables must be smooth and continuous. If this case is not satisfied, this method
cannot be used. Besides, the number of required cycles depends on the number of random input
variables. If there are many random variables, fitting the response surface requires a large
number of samples, which lead to the loss of efficiency. As an unbiased estimate, the response
surface function value calculated at each sample point has an error, even at the design points.

(2) Kriging model.

The Kriging model method is a statistical prediction method based on the stochastic process. It
can find the optimal, linear, and unbiased estimates of regional variables with the smoothing
effect and the least statistical variance of estimation. The Kriging model method has the
characteristics of local estimation, which makes it easier to obtain the ideal fitting effect in
solving the problem of higher nonlinearity.

The Kriging model is composed of the global model and the local deviation, which can be
expressed as

Y(x) = f(x) + Z(x) )

where Y(x) is unknown approximate model, f(x) usually is a fitted polynomial function, and
Z(x) is a random process whose mean value is zero, variance is 02, and covariance is not zero.
The covariance matrix can be expressed as:

COV[Z(x'), Z(¥)] = *R[R(x',¥/)] )

where R is correlation matrix and R(x’,,x/) represents the correlation function of sample point

x', x/. Here is an example of Gaussian correlation function, and its expression is
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o - 2
R(x',xf) = ] exp (—Qk]x;—xfk‘ ) (5)

where n,, represents the number of design variables, and 0y is unknown related parame-
ters. If the related functions are determined, the response estimation of arbitrary test point
X is:

=B+ R (y—fB) ©)
where y is a column vector of length 7, (sampling number). When f(x) is constant, f is unit

column vector of length n;. 7T (x) is the relevance vectors of length 1, between test point x and

sampling point {x!,,x?

, 0+, X" 1, which is expressed as:

rT(x) = [R(x,x"),R(x,x?), ---,R(x,x”S)}T (7)
B in Eq. (6) can be estimated by:
B=("RY) FR Yy ®)

The variance of the global model is estimated as:

T ~
52:<y_fﬁ> R (y—fﬁ> ©)

Mg

The relevant parameters 0 are determined by the maximum likelihood estimation by solving
the following nonlinear unconstrained optimization problem:

max ([nsln (6%) +In ]RH) (10)

0x>0 2

When 6 is obtained, r’(x) can be obtained by Eq. (7). After obtaining the response value by
Eq. (6), Kriging model could be established. Although the construction process of Kriging
model is more complex than classical polynomial RSM, it can better approximate complex
functions with strong nonlinear features.

3. Structural response analysis considering uncertainties

When designing and analyzing a TPS, the impact of uncertainties on the structural responses
should be taken into account due to divergence of material property parameters and geometry
uncertainties from manufacture errors. These uncertainties must be properly introduced into
the probabilistic finite element model.
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3.1. Characterization of uncertainties and probabilistic finite element model

Parametric uncertainties of TPS structures, once acquired, should be used for building up a
finite element model using commercial software packages like ANSYS and ABAQUS. Taking a
CMC shingle TPS, for example, it is a typical multi-plate structure, where the top part is a C/C
composite cover plate with a radiation layer, followed by an insulation felt, and a high-
temperature and a low-temperature insulating layer. And there is a strain isolation pad
between the low-temperature insulating layer and the vehicle surface. The finite element
model is shown in Figure 6. Here, the uncertainties in material properties and geometries are
considered.

Firstly, we consider the uncertainties of thermal conductivity and specific thermal capacity.
These parameters are nonlinear dependent on the working temperature. Here, fitted poly-
nomial functions are applied to relate the parameter and the temperature, where only the
constant component varies to represent the uncertainties. For example, a 4-order polyno-
mial is used to fit 10 experimental data of thermal conductivity shown in Figure 7 (a) and
(b) demonstrates its upper and lower bounds. Such characterization can be generalized for
other nonlinear parameters that vary with temperature.

3.2. Precise time integration for transient thermal conduction

The temperature distribution can be obtained through transient analysis once the finite ele-
ment model is built. The analysis efficiency is one of the most crucial factors since massive
samples and calculations have to be carried out during the probabilistic analysis of a system.
Usually, the direct integration is used for the transient heat conduction analysis, which shows
good generality but high dependency of precision and stability on time step length. To
improve the precision, efficiency, and stability of transient thermal analysis, the precise time
integration (PTI), which is based on the exponential integrator, is applied here.

The discretization equation of thermal conduction is

CT+KT =P (11)

Figure 6. The finite element model of typical multilayer TPS.
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Figure 7. Characterizing the uncertainties of thermal conductivity. (a) Fitting thermal conductivity and (b) samples of
thermal conductivity.

where C is heat capacity matrix, K is heat conduction coefficient matrix, P is heat load vector, T is

node temperature vector, and T is the derivative, respectively. This equation can be rewritten as

T=HT +r (12)
where
H=-C'K r=C'P (13)

The analytical transient solution can be written as

t

T(t) = q)(t, t())T() + J (D(t, tl)f(t1)dt1 (14)

fo
where Ty represents the initial temperature, and

D(t,t1) =exp[H- (t —t1)] (15)

Generally, we only need to carry out those calculations at the exact moments and do not need
to start from #y. Instead, it is acceptable to calculate #,; based on # [9, 10], which is
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T

Tis1 = exp (tH)Ti + Jo exp [(t — s)H] - r(t + s)ds (16)

where T = t;11 — t; represents the time interval for the integration. Assuming a linear relation
between the inhomogeneous terms and time during such an interval, we have

T(t) =719+ 7’1([’ — fk) (17)

Ty = exp (H) [T+ H-' (1o + H'r)] — H- [ro + H-ly + 1] (18)

Noting that C and K may be time-varying matrices under nonlinear circumstances, it can be
assumed that they are time invariant during every interval so that Eq. (18) still works for
transient thermal conduction. Besides, due to the existence of inhomogeneous terms, inversion
of H, which is strongly recommended to be avoided in solving large-scale problems, is needed
in Eq. (18). Therefore, dimensional expanding method can be applied to remove the matrix
inversion by adding the inhomogeneous terms as a part of the state variable vector. Let

o={,} 19

and Eq. (11) can be rewritten as

b =H*- ¢, H*:[

H G ] (20)

0 D

where C; = C! and D; rely on the relations between the inhomogeneous terms and their
temporal derivatives. If the inhomogeneous terms remain constant during the integration
interval, D; can be written as

D; =[0] (21)

nxn

If the inhomogeneous terms P vary linearly during the integration interval, the augmented
vector can be written as

T
p=<P (22)
P
and
. P —P 0 I«
T 0 0
Now we get an equivalent homogeneous format as
H C 0
T=HT, H =0 0 I (24)
0 0 O

And the solutions can be calculated from
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Figure 8. A comparison between precise time integration and time difference methods.

Tri1 = exp (tH*) Tk (25)

The equality above expands the dimensions, but avoids matrices inversions, which makes the
algorithm more efficient. The key to this algorithm is how we acquire the matrix exponential
exp (TH") or the product of matrix and vector exp (TH") Ty.

The precise time integration for transient thermal conduction has some impressive advantages,
including the insensitivity of time step length, unconditional stability, and high efficiency.
Figure 8 shows a comparison between PTI algorithm and the conventional time difference
method for a transient heat transfer problem with analytical solutions. It can be easily observed
that the precise integration method is far more accurate than the conventional time difference
method used in ANSYS .

4. Probabilistic design and reliability assessment method for thermal
protection system

The main failure mode of TPS for thermal reliability assessment is the overtemperature of bond-
line. Based on the theories and methods introduced in the previous sections, the procedures for
probabilistic design and reliability evaluation are shown in Figure 9. The three main modules are
introduced in detail as the following.

(1) Deterministic design.

Deterministic design, also known as nominal design, is often used to determine the initial
geometry of TPS. First, thermal load at different locations needs be predicted numerically or
experimentally according to the aerothermal environment using the initial configuration. Sec-
ondly, the proper material types and structural forms of TPS according to estimated thermal
load need to be determined. We can finally get an initial thickness & through transient thermal
analysis.
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Figure 9. Probabilistic design and reliability assessment process of TPS.

h(x,y,2) = f(Q(F), MAT) (26)

where Q(t) represents aerodynamic flux and MAT represents the TPS material properties,
respectively.

(2) Probabilistic design.

Firstly, the source, range, and distribution of the system uncertainties are determined, and
the parameters are reasonably set using the methods in Section 2. Then, the probability
structural thermal response is analyzed by the methods described in Section 2 and 3.
Finally, the probability characteristics of the structure temperature field are obtained. The
highest value of bondline overtemperature is usually taken as a random output variable,
which is:

Tmax T T(517527 ) (27)
where T is the function of random input and output, and sy, sy, -+ are the random input
variables.

(3) Reliability assessment.

The thermal reliability of a TPS can be defined as:

Rzl—szl—J f(s)ds (28)

Tlim < Tmax
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where Pr is failure probability, Tjin is the limiting temperature, Trax is maximum temperature
of system, and f(s) is probability density function of random input variables, respectively. For
discrete samples, the reliability can be obtained directly from the statistical output:

< .
R = (1 - W) « 100% = (Thm§ Tmax) ., 100% (29)

In the probabilistic design, it is necessary to set a reasonable range of reliability. If the system
meets the reliability requirements, the design process ends, or else the system parameters need
to be adjusted to carry out the reliability evaluation again.

5. Application of probabilistic design in thermal protection system

The probabilistic design of a typical CMC shingle TPS is used as an example to show the
effectiveness of the design procedure in the previous section. Here, the uncertainty of the
material properties and thickness is considered.

Variable Physical meaning Mean Std. dev. Lower bound Upper bound
H1 Thickness of CMC cover 4.0E-3 1.33E-4 3.8E-3 4.2E-3
H2 Thickness of fiber cloth 3.0E-3 1.0E-4 2.85E-3 3.15E-3
H3 Thickness of high-temp insulation layer 2.0E-2 6.67E-4 1.90E-2 2.10E-2
H4 Thickness of low-temp insulation layer 4.5E-2 1.5E-3 4.275E-2 4.725E-2
H5 Thickness of strain isolation pad 3.0E-3 1.0E-4 2.85E-3 3.15E-3
Hé6 Thickness of skin 4.0E-3 1.33E-4 3.8E-3 4.20E-3
A4 Sp.ht. of CMC cover 815.4 27.18 774.63 856.17
B4 Sp.ht. of fiber cloth 1000.0 33.33 950.0 1050.0
D5 Sp.ht. of high-temp insulation layer 900.30 30.10 855.28 945.32
E2 Sp.ht. of low-temp insulation layer 990.0 33.00 940.50 1039.5
F4 Sp.ht. of strain isolation pad 1000.0 33.33 950.0 1050.0
G2 Sp.ht. of skin 840.0 28.00 798.0 882.0

L5 Heat conductivity of CMC cover 47.4 1.59 45.32 50.09
M3 Heat conductivity of fiber cloth 0.23 7.67E-3 0.2185 0.2415
o7 Heat conductivity of high-temp insulation layer 6.125E-2 2.04E-3 5.82E-2 6..43E-2
P6 Heat conductivity of low-temp insulation layer 5.195E-2 1.73E-3 4.94E-2 5.45E-2
Q4 Heat conductivity of strain isolation pad 6.10E-2 2.03E-3 5.80E-2 6.41E-2
52 Heat conductivity of skin 0.65 2.16E-2 0.6175 0.6825

Table 1. Random input parameters.
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5.1. Model uncertainty

The typical composite TPS investigated here is shown in Figure 6 of Section 3.1, assuming that
18 random input variables follow the truncated normal distribution. The standard deviation is
3% of the mean value, and the range of the value is mean + 5%. The random input parameters
are listed in Table 1. Taking H1 (thickness of CMC cover) as an example, the probability
density and cumulative probability distribution curve are shown in Figure 10.
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Figure 10. Probability density and cumulative probability distribution curve of HI.
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Figure 11. Probability characteristics of the maximum bondline temperature. (a) Probability histogram and (b) cumula-
tive probability.
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5.2. Probability characteristics and sensitivity analysis

For a given heat flux, a nonlinear transient thermal analysis is conducted considering uncer-
tainties listed in Table 1. The highest bondline temperature during the computational interval
is selected as the random output parameter. In order to reduce the computational load, Latin
hypercube sampling method is used. Then, the response surface is fitted with the calculated
samples. Next, the probability characteristic of random output is obtained by sampling again
on the response surface. In order to ensure the accuracy of the fitting, the number of samplings
for fitting the response surface needs to be at least twice the number of samples, that is,
(18 +1) x (18 +2)/2) x 2 =380 times.

Sampling 10,000 times on response surface, the histogram and the cumulative probability distri-
bution are shown in Figure 11. The results show that the maximum bondline temperature is
basically in accordance with the normal distribution with a mean of 77.83°C, a standard devia-
tion of 6.765, a maximum of 104.23°C, and a minimum of 59.31°C. Based on the results of the
probabilistic analysis, the reliability can be evaluated using the method described in Section 4.

The sensitivity of the random output to the random input parameters can be obtained by
probability analysis, as shown in Figure 12. The top five input variables that have great impact
on the output variables of the TPS are H4, E2, H3, P6, and H6, respectively, namely the thickness
of low-temperature insulation layer, the specific heat capacity of the low-temperature insulation
layer, thickness of high-temperature insulation layer, heat conductivity of low-temperature layer,
and the thickness of the vehicle structure. Among them, the thickness of the low-temperature
insulation layer has the greatest impact on the maximum bondline temperature with negative
correlation. In the first five parameters, only P6 is positively correlated.

According to the sensitivity analysis result, in order to improve the reliability of the investi-
gated TPS, manufacturing errors and the deviation of specific heat of low-temperature insula-
tion layer should be strictly controlled.
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Figure 12. Sensitivity of maximum bondline temperature to random input parameters.
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6. Conclusion

With the rapid improvement of experimental and computational technologies, the uncer-
tainties of thermal protection system are more easily acquired and modeled, which makes the
probabilistic design of highly reliable TPS possible. In this chapter, the types and sources of
uncertainties during the design and service stages of the thermal protection system are sum-
marized. The mathematical treatment and finite element modeling methods of various uncer-
tainties are introduced. The dimensional expanding precise time integration method is used to
improve the numerical accuracy and efficiency of transient heat conduction analysis. Based on
the theoretical and numerical methods, the probabilistic design and analysis framework is
finally formed and is validated via an example of a typical CMC shingle TPS.

The following is recommended for the future research: (1) theoretical and experimental
methods for uncertainty acquisition of TPS; (2) probabilistic modeling and fast analysis
method of structural thermal response considering uncertainty; (3) the influence of structural
cracks and defects on the reliability of TPS; and (4) reliability and risk assessment method of
TPS based on probability analysis.
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