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Abstract

The thermo-physical parameters of the pyrolysieday charring material play a
fundamental role in the design of the thermal mtde system (TPS) in hypersonic
vehicles, but there is still a lack of measuringthods for the pyrolysis layer
including pyrolysis gases, carbon residue and reEre measuring method for the
thermal conductivity of the pyrolysis layer is peated by means of iteration
inversion of temperature at measuring points, aqeéemental equipment is designed
and manufactured. Furthermore, the thermal condtictf the pyrolysis layer under
different pressures is obtained by this method. fémlts reveal that its thermal
conductivity is a nonlinear function of temperatuneeanwhile, the pressure has a
major effect on the thermal conductivity. This stuén figure out the test problem of
the thermal conductivity of the pyrolysis layer, iahhis helpful to the optimization of
TPS.
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Nomenclature

Cp

Lt

specific heat [kgK™]

enthalpy [kg] c
Jacobian matrix [-]

thermal conductivity cal
[W-mtK? exp
material thickness [m] g

distance between middle tesin

point and material bondlinep

[m]

mass [kg] w
temperature difference [K] 0
temperature [K] 00
time [s] 1
space coordinate [m] 2
convergence error [-] 3

damping coefficient [-]

density [kgm™]

Subscripts

interface between the pyrolysis
layer and the char layer
calculated results
experimental results
the pyrolysis gas
parameter at temperaturg
interface between the virgin
layerand the pyrolysis layer
surface

initial value

initial value
the virgin layer

the pyrolysis layer

the char layer



1. Introduction

The use of thermal protection systems (TPS) isirequluring atmosphere entry
missions in order to mitigate the aerothermal lo&dperienced at hypersonic
conditions [1]. Charring material such as phenohpregnated carbon ablators is one
successful class of TPS materials [2-4], and gsntio-physical parameters are crucial
for the design of the TPS [5-7]. When simulating thermal response of the charring
material, the thermo-physical parameters are irgisable no matter what method we
use [8-11]. Currently, thermal conductivity of thgyrolysis layer is usually
approximated by the linear interpolation of thatte virgin layer and in the char
layer, respectively, when using the pyrolysis layeodel to simulate the thermal
response of the charring material [12-15]. Thisrappnation makes the TPS patrtial
to safety, but it's not good for optimization.

For the optimization of the TPS, it is necessaryotmain actual thermal
conductivity of the pyrolysis layer, which is congeal of the resin carbonization, the
flow of the pyrolysis gases and the carbon fibd&-21]. Actually, it changes with
temperature and is hard to measure [22-24]. Oweldbt decade, a few researchers
have explored this problem. For example, thermfiglvity, measured as a function
of temperature from 1%C to 50°C, is taken to calculate the bondline temperattire o
the carbon fiber reinforced epoxy resins duringopygsis [25], but the measured
parameter is not thermal diffusivity of the pyras/dayer. Bourbigotet al. [26]

measured the thermal conductivity of intumesceiatings using hot disc equipment



(TPS2500, Sweden), but TPS2500 measures the effdbiermal conductivity of the
whole sample. Up to now, it is difficult to measuhe thermal conductivity of the
pyrolysis layer and there is still a lack of measgimethods for the pyrolysis layer.

Therefore, a measuring method is presented in otderobtain thermal
conductivity of the pyrolysis layer by means ofdtgon inversion of temperature at
measuring points, and the experimental equipmedessgned and manufactured to
realize this measurement method.

2. Experimental design

The specimen is prepared in sequence by vacuumegnption, drying, curing,
and cooling processes in turn by our group [3Jmhddition, the cross section of the
specimen is a square of 0.1 mx0.1 m.

In order to acquire the thermal response of thelpgis layer under different
pressures, experimental equipment is designed amifactured, as shown in Fig.1
(a). The schematic configuration of the equipmanpriesented in Fig. 1 (b) and it
consists of the measuring system, the test systesnspecimen delivery system and
the pneumatic control system. The test system asntilain measuring unit of this
experimental equipment and it consists of the spewi (1), the alumina insulating
firebrick (2), the heating element (3) and the plate (4). It can be observed that
there is a gap between the heating element ankiathglate in order to make the heat
more uniform. The hot plate made of SiC is situatiedely next to the specimen. The

specimen is heated by the hot plate; in addititve, sides and the back of the



specimen are filled with the alumina insulatingefirick; therefore, the heat
conduction is assumed to be one-dimensional. Duhagxperiment, the air pressure
is controlled by the pneumatic control system, ciimg of the air inlet (5), the air
outlet (6), the pneumatic valve (7) and the vacuank (8). The air flows into this
experimental equipment by air inlet and flows oytalr outlet. When the air pressure
inside the equipment measured by the pneumatievalgteady, the heating element
is turned on and the hot plate is heated by th&rtgealement. When the temperature
of the hot plate measured by thermocouples is gtatd certain temperatur€;), the
specimen is transported to the designated podityothe specimen delivery system.
This specimen delivery system consists of the spewcitray (9), bearing rod (10) and
the motor starter (11). When the specimen readiesle¢signated position, the upper
surface of the specimen is in close contact with hbt plate. There is a pressure
sensor at the specimen tray, and when the presshigh enough, the contact area of
the hot plate and the specimen is considered caeplée thermal response of the
specimen under different pressures is recordechbynteasuring system. There are
thermocouples (12) installed at the hot plate,rtiédle test point and the bondline,
besides, the temperatures of these three testspanet recorded by the installed
thermocouples after each 30-second exposure. Tdrerdive thermocouples, four
thermocouples, and five thermocouples installegti@bondline, the middle test point,
and the hot plate, respectively, as presentedgnZiThe final experimental results at

each test point are the average of the resultsdeddy different thermocouples.
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Fig. 1. (a) Experimental equipment and (b) its sthigc configuration
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3. Measuring method based on experimental results

The temperatures of the bondline and the heatirfgcican be measured by the
experimental equipment (Fig. 1), and then the tlaémonductivity of the pyrolysis
layer can be obtained using the iteration inversizethod based on the pyrolysis
layer model.
3.1. The pyrolysis layer model

The pyrolysis layer model is taken to predict thermal behavior of the charring
material. The pyrolysis layer model has been vididavith experimental data in the
study of our group in ref. [13]. The pyrolysis layaodel consists of three layers: the
virgin layer, the pyrolysis layer and the char lay@uring the heating process, the

charring material undergoes thermal degradatiomarety of physical and chemical



phenomena are involved, and the overall matersgparse can be described by the
pyrolysis of solid resin and the transport of pysid gases through porous char
[18-21]. Under the external heat load, part heabisorbed by the charring material,
and then if the temperature on the surface reaitigestart pyrolysis temperatufg,
the resin begins to pyrolyze and the pyrolysis ldgems. The char layer does not
appear until the temperature at the material serfemaches the full pyrolysis
temperaturd,, so there are the virgin layer and the pyrolyaiget in the specimen if
the temperature at the heating surface is kepk.aODnce the temperature at the
bondline reaches the start pyrolysis temperafiyrethe experiment is stopped and
there only remains the pyrolysis layer at the enith® experiment, as shown in Fig. 3.
Coordinates 0x, andL are respectively the bondline, the interface betwie virgin
layer and the pyrolysis layer, and the heatingamaiT,, is the wall temperature and it

is equal tdl; in this experiment.

’ ! heat l heatl\ l heat
L 1, = - ﬁc T,
pyrolysis 2 gases
virgin > Xp T, — pyrolysis
virgin s
0 bondline bondline T

Fig. 3. Pyrolysis of the charring material durihg &xperiment
Here are some assumptions in the pyrolysis layeteino
(a) There is no secondary cracking for pyrolysisegaand the pyrolysis gases do not
react with the carbon fiber.

(b) There is no energy exchange between the pysalgses and the solid material.



(c) The volume change caused by the pyrolysis gasgsmulation is neglected.
The above model is expressed by the following wbfidal equations

aT(x,t) :i[klaT(X't)] 0sx<x, (1)

C
p”lat ox ox

aT(xt) _d

. 9, IT(xt)
102 p2 6’[ aX

[ky=——1+m, £

aT(xt) , 3p,
ox M ox

gzhg X, <x<L (2

wherep, c,, k are respectively the density, the specific heat,thiermal conductivity,
and h is the pyrolysis gases enthalpgnis the pyrolysis gases mass injection rate,
subscriptg stands for the pyrolysis gases, and subscriptd2aepresent the virgin
layer and the pyrolysis layer, respectively.
In the pyrolysis layer, the conservation of masasigollow
0p, /0t =—dm, / dx (3)

In addition, the boundary conditions are written as

L OT(xt) _ )
k=220 x=0 (4)
T :Tp X =Xp (5)
T=T, x=L (6)

The heat flux ik = x, must satisfy

dT(xt) _— 0T (x,t)

-k % 2" ax X=Xp (7)

The initial temperature distribution of the chagimaterial is linear interpolated
by the measured temperatures at the bondline ahiihdle test point dt= 0 s. This

model is discretized using the central differermeniat, and solved by the MATLAB



codes in Ref. [12, 13].
3.2. Iteration inversion method

On the basis of the measured thermal responsesgfyttolysis layer at different
pressures, the thermal conductivity of the pyrayiiyer of the specimen under
different pressures can be obtained by means m@ttiba inversion of temperature at
measuring points. This method is calculated byfdhewing steps:

(1) Estimate the initial values. It is assumed tHﬁi{o = (ki tks)/2 and k,1n,00 =

(ki tks)/2—¢, wheree is an arbitrary values=0.1%; in this study. Subscriph stands
for the parameter at temperatUigand Ty~ (Ty+Tc)/2, subscript 3 stands for the char
layer, subscripts 0 and 00 stand for two initidlrea and the superscript stands for the
iteration step.

In order to inverse the thermo-physical prapsrof the pyrolysis layer, it must
be assumed that there is a virtual node outsideh#dating surface (the interface
between the pyrolysis layer and the char layerthefspecimen. This virtual node is
close to the heating surface and the distance es léhgth of one grid. The
thermo-physical properties at this virtual nodethed of the char layer at.

Parametek, is the thermal conductivity of the pyrolysis laygrtemperaturé,.
Combining the thermal conductivity of the virgiryéa atT, (the interface between
the virgin layer and the pyrolysis layer) and therimal conductivity of the char layer
at T. (the virtual node), the thermal conductivity of {yolysis layer is approximated

as



(k, —kp) _ (kp —ks)

oM =—etnInTle ey ko)) Q

T T, T -T

(k —kp) _ (K —ks) (ky=ky) _ (K, —kg)
oy T T | T T
ot Tn) =37 “ T T, g
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_ (M)—(Tp+Tm) To7Tn  TnTe xT_
T -T, T -T,

(2) On the basis of the two given initial valueskaf two kinds of distributions of
thermal conductivity of the pyrolysis layer candaculated by Eq. (8), and then two
kinds of thermal response of the charring matexgad be predicted by the pyrolysis
layer model. Two calculated bondline temperaturesraspectively marked ?a]éj,o,
T;,OO and the measured bondline temperature is markéggasvhere subscriptsal
and exp stand for the calculated results and experimenasuits, respectively. The
temperature data is recorded every 30 S,T§® Tca,o and Tea,00 are vectors of
temperature.

(3) Based on the Levenberg-Marquardt algorithm §8], the equation is as follow

(J"I+1NDAk=J"R 9)
wherel is the unit matrix and is the introduced damping coefficient for the puspo
of improving the convergence of this method.

J is the Jacobian matrix

0Ty, 0T, 0T,
ok, ok, ok,

(10)



wheren is the total time step,is the iteration step.

Each element of the Jacobian matrix can be appeateithas

a-I_ciaj Tcial (krln 00) _Tcial (krin,O)

Ky Koo ‘“’
In Eq. (9),Ris defined by
R=T, T, (12)
From Eqg. (9), we have
A =[(3) 3+ (I) R (13)

With the calculated\k, two initial values ofk,, at thei+1 iteration step can be
calculated, letk o =k o | koo =K. o +AK'.

(4) The convergence criterion is
max{
i+1

If this convergence criterion is satisfied ttstop the iteration k. ,, is what we

krin,oo_ B krin,o

,00

J <y (14)

wherey = 0.001 in this study.

needed. Otherwise, if this criterion is not sadidfireturn to step (2) with two newly
calculated initial values d§y.
4. Results and discussion

Some material properties are presented in AgigeA. The thickness of the
material () and the distance between the middle test pouhtlaa bondlinel{;) under

different pressures are listed in Table 1.



Table 1 The thickness of the materih) @nd the distance between the middle test

point and the material bondlink under different pressures

L (m) Lt (m)
101 kPa 0.02547 0.01201
50 kPa 0.02493 0.01279
4 kPa 0.02515 0.01264

The temperature profiles of the specimen at thelliog, the middle test point
and the heating surface at pressures of 101, 50t&Rha are plotted in Fig. 4. The
temperature profiles of the heating surface undférdnt pressures are zoomed and
they are roughly stable at a certain temperatwshawn in Fig. 4. It is easy to reach
the conclusion that the heating time increases pri#issure decreases from 101 kPa to
4 kPa under the same bondline temperature rigerdivealed that the overall capacity
of heat transmission of the material decreasesresspre decreases. Moreover, the
influence of the pressure on the capacity of hemtsmission of the material at a

pressure of 4 kPa is greater than that at pressfifgsand 101 kPa.
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Fig. 4. Measured temperature profiles of the speniat the bondline, the middle test
point and the heating surface at three kinds cfqune

According to the measured results by the experiateaquipment, the thermal
conductivity of the pyrolysis layer at pressured0i, 50 and 4 kPa can be obtained,
as depicted in Fig. 5. It is clear to see from Fgthat the thermal conductivity
decreases as the air pressure decreases andthkmfare nonlinear functions of
temperature. The thermal conductivity at a press@irg0 kPa is slightly lower than
that at a pressure of 101 kPa; however, the thecoraductivity at a pressure of 4 kPa
is much less than that at a pressure of 101 kPa.ifffluence of the pressure on the
thermal conductivity of the pyrolysis layer is iresing at low pressures. The
decrease of the air pressure has no effect onetliedonduction of solid and radiation
in porous material. However, due to the high pdyosf the pyrolysis layer, thermal

conductivity of the gas-phase plays an importatg no the overall heat transfer. The



decrease of the air pressure has a major effettteoheat transfer of the gas-phase. In
addition, the pyrolysis gases released outsidengupyrolysis and the amount of
pyrolysis gases released decreases with the ircofdle air pressure. The amount of
pyrolysis gases in the pyrolysis layer is negayivrrelated with the air pressure and
this leads to the decrease of thermal conductioftghe pyrolysis layer as the air

pressure decreases.
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Fig. 5. Thermal conductivity of the pyrolysis laysrpressures of 101, 50 and 4 kPa
The thickness of the virgin layer, the pyrotysayer and the char layer of the
charring material during pyrolysis at pressured@f, 50 and 4 kPa are shown in Fig.
6. The method for the estimation of the thickne$sdifferent layers has been
presented in the study of our group in ref. [12heTthickness of the virgin layer
decreases with the increase of time and the theskoéthe pyrolysis layer increases

with the increase of time. The thickness of ther ¢aiger remains at 0, which indicates



that the char layer did not appear during the erpart. As is demonstrated in Fig. 6,

the air pressure has an effect on the pyrolysishef charring material. With the

decrease in air pressure, the pyrolysis rate otiaering material decreases.
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Fig. 6. Thickness of the virgin layer, the pyrof/&yer and the char layer of the

charring material at pressures of 101, 50 and 4 kPa

5. Conclusions

So far, no reported experimental equipment and oastthave been found to

measure the thermal conductivity of pyrolysis Iayeso the relationship between

thermal conductivity and temperature of the pynslyayer has been studied here.

The influence of pressure was also consideredrasdts indicate that

(1) Experimental equipment can be used to obtagntilermal conductivity of the

pyrolysis layer under different air pressures.

(2) Thermal conductivity of the pyrolysis layerusually approximated by the linear



interpolation of that in the virgin layer and inetishar layer, respectively. However,
the result that thermal conductivity of the pyradytayer is a nonlinear function of
temperature is good for the optimization desigthefthermal protection system.
(3) The air pressure has an effect on the pyrolgsihe charring material. With the
decrease of the air pressure, the overall capaditiieat transmissionof the material
decreases.
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Appendix A

In this experiment, the charring material (455-nkg) is prepared by
impregnating carbon fiber preform (300-kg) with boron modified phenolic resin
anhydrous ethanol solution (without adding any efjl] then dried and
cured at different temperatures.

The TG and DTG curves of phenolic resin are showfigs. A. 1 (a) and (b).
The weight loss is more than 15 % with a high welghs rate from 300 K to 600 K,
which is attributed to the curing reaction of theepolic resin. Simultaneously, the
curing reaction of the phenolic resin correspormdihe first peak of the DTG profile.
The weight loss is about 20 % with a high weighgsloate from 762 K to 998 K,
which is attributed to the pyrolysis process of fiinenolic resin. Simultaneously, the

pyrolysis process of the phenolic resin correspdndthe second peak of the DTG



profile. It is determined that the starting pyragytemperature of the phenolic resin is
762 K and the full pyrolysis temperature is 998TKe thermal conductivity of the
pyrolysis layer is discussed over thén this study, and the effect of the heating rate

will be studied in future work.
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Fig. A. 1. (a) TG and (b) DTG of phenolic resin



The material properties of the charring materia given in Table A. 1. As is
listed in Table A. 1, the density, thermal conduityiand specific heat of the virgin
layer are constant; the density, thermal condugtamd specific heat of the char layer

are also constant.

Table A. 1 Properties of the charring material

Properties Unit Value
Density kgm 455
Specific heat kgtK? 770
Virgin layer Thermal conductivity wnlK? 0.187 (101 kPa)
Thermal conductivity wntK? 0.186 (50 kPa)
Thermal conductivity wnlK? 0.176 (4 kPa)
Density kgm 341
Char layer Specific heat *glK? 1520
Thermal conductivity wntk? 1.22
Specific heat of the pyrolysis gases -kgl-K™ 9630
Enthalpy of the pyrolysis gases  -kg* 9.02x16
Pyrolysis layer
The begin pyrolysis temperature K 762
The full pyrolysis temperature K 998

The pyrolysis of the charring material is an inedrdecomposition of the solid
that releases gaseous species, such as methare caonoxide, carbon dioxide and

hydrogen. There are chemical reactions, heat &gngés-phase and solid-phase in



the pyrolysis layer, the thermal diffusivity of thbgrolysis layer is hard to obtain. The
density, thermal conductivity and specific heathsd pyrolysis layer show a gradient
or an S-shape over the layer thickness. The depsitf the pyrolysis layer is
obtained by the thermogravimetry daga of the charring material

0,(T)=p,x (T) (A-1)

The profile of the density distribution of the plysis layer is shown in Fig. A. 2.
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Fig. A. 2. Density distribution of the pyrolysisyler calculated by the
thermogravimetry data of the charring material
The specific heatc,, of the pyrolysis layer is acquired from the linear
interpolation of those in the virgin layer and tiear layer listed in Table A. 1; it is
best formulated as a function of temperature
C,,(T)=3.178xT - 1651.¢  Jkgh-K™ (A. 2)
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Highlights
1. Equipment about thermal conductivity of the pyrolysis layer is designed.
2. Inversion method for thermal conductivity of the pyrolysislayer is presented.
3. Thermal conductivity of the pyrolysislayer is obtained.
4. Pressure has effect on the pyrolysis rate of the charring material.

5. Relationship between thermal conductivity and pressureis revealed.



