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Abstract: In order to study the dynamic behaviors of the thermal protection system（TPS）and dynamic strength of
the strain ⁃ isolation ⁃pad（SIP），a two degree ⁃of ⁃ freedom dynamic theoretical model is presented under the acoustic
excitation and base excitation. The tile and SIP are both considered as the elastic body and simplified as a mass point，
a linear spring and a damping element. The theoretical solutions are derived，and the reasonability of theoretical model
is verified by comparing the theoretical results with the numerical results. Finally，the influences on the dynamic
responses of TPS by the structural damping coefficient of TPS，elasticity modulus and thickness of SIP are analyzed.
The results show that the material with higher damping，and SIP with thicker size and lower elastic modulus should
be considered to reduce the dynamic responses and intensify the security of TPS. The researches provide a theoretical
reference for studying the dynamic behaviors of TPS and the dynamic strength of SIP. Besides， the dynamic
theoretical model can be used as a quick analysis tool for analyzing the dynamic responses of TPS during the initial
design phase.
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0 Introduction

The space plane orbiter is subject to aerody⁃
namic heating during the lift ⁃ off and re ⁃ entry phas⁃
es［1⁃4］. A thermal protection system（TPS）is neces⁃
sary to ensure the internal structure of the orbiter
within the sustainable temperature range［5⁃7］. The ce⁃
ramic tile is the most widely used heat insulation
structure， attached on the surface of structure
through a strain ⁃ isolation ⁃pad（SIP）. In addition to
resisting the aerodynamic heating，TPS is subject
to the acoustic excitation on the outer surface of tile
and the base excitation of structure as well［8］. The
above two excitations are the dynamic mechanical

loads，the dynamic responses including the accelera⁃
tion of TPS and the dynamic stress of SIP will be
generated. Once the value of dynamic stress of SIP
exceeds the strength value，the failure will happen
on SIP，and it will result in the separation between
the tile and structure of the orbiter. The disastrous
accident will happen to the space plane orbiter be⁃
cause of losing the thermal protection function.
Therefore，the dynamic analysis for tile and SIP is
necessary when designing TPS.

The studies on dynamic behaviors of TPS are
very few，and they were mainly analyzed by experi⁃
mental method. Miserentino et al.［9］ studied the dy⁃
namic responses of the tile/SIP system under the si⁃
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nusoidal excitation by experiments. A dynamic insta⁃
bility is described which has large in⁃plane motion at
a frequency one⁃half that of the nominal driving fre⁃
quency. Considering the nonlinear stiffening hystere⁃
sis and viscous behavior of SIP，Housner et al.［10］

studied the effects of the sinusoidal motions of the
skin on the dynamic responses of the tile / SIP sys⁃
tem.

The dynamic behaviors of TPS can be studied
by the above experimental method，but it is limited
by experimental environment and expenses. In order
to study the dynamic behaviors of TPS and analyze
the dynamic strength of SIP，the tile and SIP are
both considered as the elastic body and simplified as
a mass point，a linear spring and a damping ele⁃
ment. A two degree⁃of⁃freedom dynamic theoretical
model for random dynamic behaviors of TPS is pre⁃
sented under the acoustic excitation and base excita⁃
tion. The theoretical solutions are derived and com⁃
pared with the numerical solutions. Finally， the
parametric studies for the dynamic behaviors of
TPS are conducted.

1 Vibration Environment

TPS is under the multi ⁃ task environments，in⁃
cluding aerodynamic heating， aerodynamic force
and base excitation from the structure of orbiter.
This paper focuses on the dynamic behaviors of
TPS，and the dynamic loads are the acoustic pres⁃
sure and base excitation［8］（Fig.1）which mainly oc⁃
cur during the lift⁃off and re⁃entry phases. The base
excitation is generally the acceleration of structure，
which comes from the vibration of the engine and
acts on the bottom of TPS. However，the acoustic

excitation mainly comes from the pulsation of the
turbulent boundary layer and acts on the outer sur⁃
face of TPS.

The acoustic excitation and base excitation are
random［8］，so the random vibration method should
be used in the dynamic analysis of TPS. The power
spectral density（PSD）function of the acoustic exci⁃
tation is usually the band ⁃ limited white noise with
the constant value during the frequency range. But
the PSD function of the acceleration base excitation
is usually ladder spectrum， and the typical PSD
function of it is shown in Fig.2. The PSD functions
are generally obtained by the experiment and signal
processing method. Firstly，the time ⁃domain signal
is measured by experiment，and then it is converted
into frequency⁃domain excitation by the fast Fourier
transform. Finally，the PSD function is obtained by
signal processing method［11］.

2 Dynamic Theoretical Model

The elasticity modulus of the tile is usually be⁃
tween 10 MPa and 50 MPa，and that of SIP is usu⁃
ally between 1 MPa and 10 MPa. Compared with
SIP，the tile cannot be treated as a rigid body，so
the tile is considered as the elastic body in this pa⁃
per. As the width of TPS is small and usually be⁃
tween 50 mm and 200 mm，the acoustic excitation
and base excitation are approximately uniformly dis⁃
tributed. Since the effect of the coating on the dy⁃
namic behaviors of TPS is very small，this paper
does not consider its influence. According to the
above discussions，the assumptions made in the dy⁃
namic theoretical model are given by：

（1）The dynamic system obeys the stationaryFig. 1 Tile dynamic load sources

Fig. 2 Typical acceleration base PSD function
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random vibration，and all the excitations obey the
Gauss stochastic process.

（2）The tile is simplified as a mass point，a lin⁃
ear spring and a damping element to describe the in⁃
ertial force，elastic force and damping force of tile.

（3）The SIP is simplified as a mass point，a
linear spring and a damping element to describe the
inertial force，elastic force and damping force of
SIP.

（4）The acoustic excitation and base excitation
are uniformly distributed on the outer surface of tile
and bottom of SIP，respectively.

According to the above assumptions，a two de⁃
gree ⁃ of ⁃ freedom dynamic theoretical model for the
random vibration of TPS is presented under the
acoustic excitation and base excitation（Fig. 3）. In
the theoretical model，Sf（ω） and Sÿ（ω） are the
PSD functions of acoustic excitation and accelera⁃
tion base excitation respectively；m1 and m2 are the
masses of the tile and SIP respectively；k1 and k2 are
the linear stiffness coefficients of the tile and SIP re⁃
spectively；c1 and c2 are the viscous damping coeffi⁃

cients of the tile and SIP respectively；x1 and x2 are
the displacements of the tile and SIP respectively.
The acoustic excitation acts on the outer surface of
the tile，and the base excitation acts on the bottom
of SIP.

3 Acoustic Excitation

The two degree ⁃ of ⁃ freedom dynamic theoreti⁃
cal model under the acoustic excitation is shown in
Fig. 3（a），and the motion equation of the dynamic
system is given by

Mẍ ( t )+ Kx ( t )+ Cẋ ( t )= F f ( t ) (1)
where M is the mass matrix，K the stiffness matrix，
C the damping matrix，Ff the external acoustic load
vector and x the displacement vector.

M= é
ë
ê

ù
û
ú

m 1 0
0 m 2

K= é
ë
ê

ù
û
ú

k 1 -k 1
-k 1 k 1 + k 2

C= é
ë
ê

ù
û
ú

c1 -c1
-c1 c1 + c2

F f ( t )= { f ( t ) 0 }T

x={ x1 x2 }T

(2)

Suppose the acoustic excitation ~f ( t )=

Sf (ω ) eiωt， and then the displacement，velocity

and acceleration can be given by
~x 1 ( t )= H 1 (ω ) f ͂ ( t ),

~x2 ( t )= H 2 (ω )
~f ( t )

~ẋ 1 ( t )= H 1 (ω )
~
f ̇ ( t ), ~ẋ2 ( t )= H 2 (ω )

~
f ̇ ( t )

~ẍ 1 ( t )= H 1 (ω )
~
f ̈ ( t ), ~ẍ2 ( t )= H 2 (ω )

~
f ̈ ( t )

(3)

where Hi is the frequency response function be⁃
tween the displacement xi and the acoustic pres⁃
sure f.

Substituting Eq.（3）into Eq.（1）yields

A{ }H 1

H 2
= { }10 (4)

A=
é

ë
ê

ù

û
ú

-ω2m 1+ k 1+ iωc1 -k 1- iωc1
-k 1- iωc1 -ω2m 2+ k 1+ k 2+ iω ( c1+ c2 )

(5)
So the frequency response function Hi can be

derived asFig. 3 Dynamic theoretical models
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H 1 (ω )=
iω ( c1 + c2 )+ k 1 + k 2 - ω2m 2

(-m 1ω2 + iωc1 + k 1 ) [ -m 2ω2 + iω ( c1 + c2 )+( k 1 + k 2 ) ]-( iωc1 + k 1 )2

H 2 (ω )=
iωc1 + k 1

(-m 1ω2 + iωc1 + k 1 ) [ -m 2ω2 + iω ( c1 + c2 )+( k 1 + k 2 ) ]-( iωc1 + k 1 )2
(6)

Based on the pseudo excitation method（PEM）
［12］，the PSD functions of responses can be calculat⁃
ed by

Sx1 (ω )=
~x 1 ⋅

-~x 1, Sx2 (ω )=
~x2 ⋅

-~x2

Sẋ1 (ω )=
~ẋ 1 ⋅

-~ẋ 1, Sẋ2 (ω )=
~ẋ2 ⋅

-~ẋ2

Sẍ1 (ω )=
~ẍ 1 ⋅

-~ẍ 1, Sẍ2 (ω )=
~ẍ2 ⋅

-~ẍ2

(7)

where
-~ẍ i，

-~ẋ i and
-~xi are the conjugate complex of

~ẍ i，
~ẋ i and

~xi respectively.
By substituting Eqs.（3，6） into Eq.（7），the

PSD functions of the responses are given by
Sx1 (ω )= |H 1 |2Sf, Sx2 (ω )= |H 2 |2Sf

Sẋ1 (ω )= ω2 |H 1 |2Sf, Sẋ2 (ω )= ω2 |H 2 |2Sf
Sẍ1 (ω )= ω4 |H 1 |2Sf, Sẍ2 (ω )= ω4 |H 2 |2Sf

(8)

where Sẍi (ω )，Sẋi (ω ) and Sxi (ω ) are the PSD func⁃
tions of acceleration，velocity and displacement re⁃
spectively.

By integrating the above PSD functions in the
frequency domain，the corresponding mean square
values are calculated by

ψ 2x1 = ∫ω1
ω2
Sx1 (ω ) dω, ψ 2x2 = ∫ω1

ω2
Sx2 (ω ) dω

ψ 2ẋ1 = ∫ω1
ω2
Sẋ1 (ω ) dω, ψ 2ẋ2 = ∫ω1

ω2
Sẋ2 (ω ) dω

ψ 2ẍ1 = ∫ω1
ω2
Sẍ1 (ω ) dω, ψ 2ẍ2 = ∫ω1

ω2
Sẍ2 (ω ) dω

(9)

where ψ ẍi，ψ ẋi and ψxi are root⁃mean⁃square（RMS）
values of the acceleration，velocity and displace⁃
ment，respectively.

According to the elastic force and damping
force of SIP，the RMS values of the total force ψF
and stress ψσ for SIP are calculated by

ψF= k 2ψx2 + c2ψ ẋ2 (10)

ψσ=
ψF
A

(11)

4 Base Excitation

The two degree⁃of⁃freedom dynamic theoreti⁃
cal model under the base excitation is shown in
Fig. 3（b），and the motion equation of the dynamic
system is given by

Mẍ ( t )+ Kx ( t )+ Cẋ ( t )= F y ( t ) (12)
where Fy is the external base load vector.

F y= { 0 k 2 y ( t )+ c2 ẏ ( t )}T (13)

Suppose the base excitation ~y = Sy ( ω ) eiωt，
and then the displacement，velocity and acceleration
can be given by
~x 1 ( t )= H 1 (ω )

~y ( t ), ~x2 ( t )= H 2 (ω )
~y ( t )

~ẋ 1 ( t )= H 1 (ω )
~ẏ ( t ), ~ẋ2 ( t )= H 2 (ω )

~ẏ ( t )
~ẍ 1 ( t )= H 1 (ω )

~ÿ ( t ), ~ẍ2 ( t )= H 2 (ω )
~ÿ ( t )

(14)

where Hi is the frequency response function be⁃
tween the displacement xi and the base excitation y.
Besides Hi is also the frequency response function
between the acceleration ẍ i and excitation ÿ.

Substituting Eq.（14）into Eq.（12）yields

A '{ }H 1

H 2
= { }0

k 2 + iωc2
(15)

A '=
é

ë
ê

ù

û
ú

-ω2m 1+ k 1+ iωc1 -k 1- iωc1
-k 1- iωc1 -ω2m 2+ k 1+ k 2+ iω ( c1+ c2 )

(16)
So the frequency response function Hi can be

derived as

H 1 (ω )=
(-iωc1 - k 1 ) ( iωc2 + k 2 )

( iωc1 + k 1 )2 -(-m 1ω2 + iωc1 + k 1 ) [ -m 2ω2 + iω ( c1 + c2 )+( k 1 + k 2 ) ]

H 2 (ω )=
-(-m 1ω2 + iωc1 + k 1 ) ( iωc2 + k 2 )

( iωc1 + k 1 )2 -(-m 1ω2 + iωc1 + k 1 ) [ -m 2ω2 + iω ( c1 + c2 )+( k 1 + k 2 ) ]

(17)

Based on the PEM，the PSD functions of re⁃
sponses can be calculated by

Sx1 (ω )=
~x 1 ⋅

-~x 1, Sx2 (ω )=
~x2 ⋅

-~x2

Sẋ1 (ω )=
~ẋ 1 ⋅

-~ẋ 1, Sẋ2 (ω )=
~ẋ2 ⋅

-~ẋ2 (18)

Sẍ1 (ω )=
~ẍ 1 ⋅

-~ẍ 1, Sẍ2 (ω )=
~ẍ2 ⋅

-~ẍ2

By substituting Eqs.（14，17）into Eq.（18），the
PSD functions of the responses are given by

Sẍ1 (ω )= |H 1 |2Sÿ, Sẍ2 (ω )= |H 2 |2Sÿ
Sẋ1 (ω )= |H 1 |2Sÿ/ω2, Sẋ2 (ω )= |H 2 |2Sÿ/ω2

Sx1 (ω )= |H 1 |2Sÿ/ω4, Sx2 (ω )= |H 2 |2Sÿ/ω4
(19)
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By integrating the above PSD functions in the
frequency domain，the corresponding RMS values
are calculated. And according to the Newton’s Sec⁃
ond Law，the RMS values of the total force ψF and
stress ψσ for SIP are calculated by

ψF= m 1ψ ẍ1 + m 2ψ ẍ2 (20)

ψσ=
ψF
A

(21)

5 Numerical Verification

An example is presented in this paper to verify
the dynamic theoretical model by the comparisons
between the theoretical and numerical solutions. In
the example，the length and width of TPS are both
150 mm，besides，the thickness t，elasticity modu⁃
lus E，Poisson’s ratio ν，density ρ and structural
damping coefficient g of the tile and SIP are listed in
Table 1. The corresponding mechanical parameters
for theoretical model are listed in Table 2. The PSD
function of the acoustic excitation on the outer sur⁃
face of tile is band⁃limited white noise with the con⁃
stant value 1 000 N2 /Hz in the frequency ranges
from 20 Hz to 2 000 Hz. However，the PSD func⁃
tion of the acceleration base excitation is the ladder
spectrum shown in Fig.2. Finally，structural damp⁃
ing coefficient g can be translated into the viscous
damping coefficient cn through the natural frequen⁃
cy ωn

cn= gmnωn (22)
The finite element numerical model is estab⁃

lished as shown in Fig.4，and the numerical results
are analyzed by the software MSC / NASTRAN.
The range of numerical results and the values of the⁃
oretical results are listed in Table 3. According to
the results，the acceleration response of tile is great⁃
er than that of SIP under the both acoustic and base
excitations，and all the theoretical results almost fall
within the range of numerical results. Besides，theo⁃
retical results are close to the maximum values of
numerical results. So the reasonability of the dynam⁃
ic theoretical model is verified，and the dynamic the⁃
oretical model can be used to estimate the accelera⁃
tion responses of tile/SIP and the stress response of
SIP.

Table 1 Material properties of TPS

Part
Tile
SIP

t/mm
54.8
5.20

E/MPa
60.0
1.46

ν
0.25
0.40

ρ/(kg ·m-3)
420
521

g/%
4
4

Table 2 Mechanical parameters of theoretical model

Part
Tile
SIP

m/kg
0.517 9
0.060 9

k/(kN ·mm-1)
24.6
6.32

c/( N · s/m)
62.21
56.98

Table 3 Comparisons between theoretical and numerical results

Excitation

Base

Acoustic

Method

FEM
Theoretical
FEM

Theoretical

SIP

ψ ẍ2/(km · s
-2)

(0.81,3.18)
3.22
(0,9.61)
8.48

ψσ/MPa

(0.054,0.094)
0.10

(0.18,0.26)
0.26

Tile

ψ ẍ1/(km · s
-2)

(2.71,4.11)
3.97

(8.84,11.20)
10.37

Fig. 4 3D finite element models of TPS
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6 Discussion

The influences on the random dynamic respons⁃
es of TPS by the structural damping coefficient g，
the thickness of SIP t2 and the elasticity modulus of
SIP E2 are studied in this paper（Figs. 5—7）. The
results show that the higher structural damping coef⁃
ficient of TPS and the thicker SIP can reduce the re⁃
sponses of the dynamic system effectively. So the
material with higher damping and SIP with thicker
size should be considered when designing TPS.

According to Eq.（22）， the higher elasticity
modulus of SIP can result in a higher viscous damp⁃
ing. The higher damping coefficient will reduce the
vibration of TPS. However， the higher elasticity
modulus of SIP will intensify the vibration. When
the elasticity modulus of SIP is lower than a critical
value，the effect of the higher elasticity modulus of
SIP is greater than that of the higher viscous damp⁃
ing. When the elasticity modulus of SIP is higher
than the critical value，the effect of the higher elas⁃
ticity modulus of SIP is smaller than that of the high⁃
er viscous damping. So as the elasticity modulus of
SIP increases，all the responses increase firstly and
then decrease. Above analysis is conducted in the

case of changing elasticity modulus of SIP only，but
the damping of actual material usually decreases
with the increasing stiffness. So SIP with lower elas⁃
tic modulus should be considered to reduce the vi⁃
bration of TPS.

Fig. 5 Dynamic responses vs. structural damping
coefficient

Fig. 6 Dynamic responses vs. thickness of SIP

Fig. 7 Dynamic responses vs. elasticity modulus of SIP
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7 Conclusions

（1）A two degree⁃of⁃freedom dynamic theoreti⁃
cal model is presented to study the dynamic behav⁃
iors of TPS and dynamic strength of SIP under the
acoustic excitation and base excitation. The tile and
SIP are both considered as elastic body and simpli⁃
fied as a mass point，a linear spring and a damping
element. And the reasonability of the theoretical
model is verified by the comparisons between the
theoretical and numerical solutions.

（2） The material with higher damping，and
SIP with thicker size and lower elastic modulus
should be used to reduce the dynamic responses and
intensify the integrity and security of TPS.

The paper provides a reference foundation for
studying the dynamic behaviors ofTPS and the dynam⁃
ic strength of SIP. Besides，the dynamic theoretical
model can be used as a quick analysis tool for the dynam⁃
ic responses ofTPSduring the initial design phase.
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