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Modeling in Thermal Behavior of Charring Materials

Weijie Li!, Haiming Huang'?, Bangcheng Ai’ and Ye Tian'

Abstract: Physical and mathematical models are the key to analyze thermal be-
havior of charring materials in the thermal protection system of reentry vehicles
subjected to aerodynamic heating. To explore the thermal behavior of charring
ablator, we developed and compared two models (pyrolysis interface model and
pyrolysis layer model) with pyrolysis and surface recession. Taking AVCOAT
composites as an example, its nonlinear thermal behavior, which are caused by
temperature dependent thermal properties, moving interfaces and moving bound-
ary, were simulated using the calculation codes written respectively on the basis
of the pyrolysis layer model and the pyrolysis interface model. Numerical results
indicate that the nonlinear calculation is easier by the pyrolysis interface model
than by the pyrolysis layer model; on the other hand, the selection of the pyrolysis
interface temperature is complicated but significant in the calculation on thermal
behavior of charring materials. This study will be helpful for the design of the
thermal protection system in reentry vehicles.

Keywords: pyrolysis layer model, pyrolysis interface model, charring materials,
pyrolysis interface temperature, thermal behavior.

1 Introduction

Charring materials may be used as a thermal protection system (TPS) for reentry
vehicles subjected to high aerodynamic heat loads [Park (2007)]. At present, there
have already been several typical charring ablators such as PICA and AVCOAT,
which is an epoxy novolac resin with special additives in a fiberglass honeycomb.
During the reentry of a manned spacecraft, charring materials operate heavily by
absorbing heat through pyrolysis and rejecting it via pyrolysis gas injection back
into the boundary layer of gas [Chen, Milos, Gokcen (2010)]. Furthermore, oxygen
in the boundary layer of gas field may get to the ablation surface and then some car-
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bon on the surface at a high temperature is oxidized. Gradually, the ablation surface
moves into inside the thermal protection layer [Suzuki, Sakai, Yamada (2007)]. Re-
cently, many researchers have focused on simulations for the thermal response of
charring materials [Stackpoole, Thornton (2010), Desai, Lawson, Keblinski (2011),
Gibson, Browne, Feih (2012)]. Lattimer, Ouellette and Trelles (2011) used Arrhe-
nius law to analyze in-depth temperature distribtution and measure the decompo-
sition kinetic parameters. This method combines thermal analysis using tests with
the heat conduction equations, but the test results depend heavily on the heating
rate, which has great difference with that of reentry. Even, this method cannot ob-
serve the moving interfaces and boundary. While, the pyrolysis layer model can
reflect the real situation. Usually, there are four layers such as the virgin layer, the
pyrolysis layer, the char layer and the ablation layer in the pyrolysis layer model
[Li, Huang, Tian (2015)]. Thermal properties of charring ablators changing all the
time with pyrolysis were researched by both test and theoretical methods [Mouritz,
Feih, Kandare (2009), Panescu, Whayne, Fleischman (1995), Park, Kwon, Wang
(2014), Milos, Scott, Papa (2014)], and the heat conduction equations with mov-
ing boundaries or temperature dependent thermal properties are strong nonlinear
[Johansson, Lesnic, Reeve (2014), Chang, Liu (2012), Hosseini, Shahmorad, Ma-
soumi (2013), Duan, Rach, Wazwaz (2013), Henderson, Wiebelt, Tant (1985)]. In
addition, the pyrolysis interface model regards the pyrolysis layer as an interface
[Li, Huang, Zhang (2014)]. Regrettably, how to set the temperature at the pyrolysis
interface has always been a controversial issue, because the temperature of the py-
rolysis layer varies from 589K to 811K for AVCOAT composite [Curry, Stephens
(1970), Williams, Curry (1992)]. Up to now, there are merely research on the com-
parison between the pyrolysis layer model and the pyrolysis interface model. An
optimization approach to TPS in reentry vehicles remains a longstanding challenge.
Toward this objective, we will simulate the nonlinear thermal behavior of AVCOAT
composites by using the calculation codes respectively on the basis of the pyrolysis
layer model and the pyrolysis interface model, and explore whether the pyrolysis
interface temperature can affect on thermal behavior in this study.

2 Models
2.1 Physical models

The thermal protection performance of charring materials in TPS involves many
complex physical and chemical processes. Typical charring composites contain
carbon fiber and organic resin, which can be pyrolyzed and produce a condensed
phase carbonaceous residue (called the char) when the resin is heated. The gases
percolate through the porous char to the heated surface and simultaneously the
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flowing of pyrolysis gases also brings thermal blockage.

2.1.1 Pyrolysis layer model

Charring materials under heat flux absorb heat by the heat capacity of material itself
and release a little heat by the surface radiation. When the surface temperature
rises up to the beginning pyrolysis temperature T,, of charring material, the resin
in material on the surface starts to pyrolyze. Continuing heating, a char layer is
forming on the surface when the surface temperature reaches the complete pyrolysis
temperature T,.. From now on, charring material transforms into an ablator with
three layers. Heating continues, surface temperature reaches the surface recession
temperature T, and the ablation surface gradually moves into inside the thermal
protection layer.

We can develop a one-dimensional pyrolysis layer model (Fig. 1) since the tem-
perature gradient vertically to the surface is much larger than those in the other
orientations [Belghazi, Ganaoui, Labbe (2010), Huang, Xu, Huang (2014)]. As-
sume that: (1) pyrolysis gases do not react chemically with the porous char layer
through which it flows; (2) there is no secondary cracking of pyrolysis gases. Thus,
along the x direction, the ablator is divided into four layers, namely the virgin layer,
the pyrolysis layer, the char layer and the ablation layer. In Fig. 1, ¢ is the hot wall
heat flux during reentry, x,,, X, and x; are coordinates of two moving interfaces
and one moving boundary, L is the thickness of virgin materials without ablation.

X A combustion
i pyrolysis product
i g radiation gases of carbon  OXidation
L i'- ---------------------------------------- 1
| ablation '
Xs
char
X b The
pyrolysis
Xop boim Tvp
virgin
0 bondline

Figure 1: One-dimensional pyrolysis layer model.

The physical-chemical phenomena of the four layers are briefly introduced as fol-
lows
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(1) The virgin layer: the temperature of material is lower than the beginning pyrol-
ysis temperature.

(2) The pyrolysis layer: it is an unsteady and complex zone of ablator with two
interfaces moving to the bondline. The temperature of interface between the virgin
layer and the pyrolysis layer is a constant T, ,. The temperature of interface between
the pyrolysis layer and the char layer is a constant T,.. On the one hand, materi-
als pyrolyze and release mixed gases which mainly consist of methane, ethylene,
acetylene, hydrogen. On the other hand, foaming solid carbon forms continuously.
Mechanism of absorbing heat can be concluded as ablator absorbing heat by py-
rolysis, the heat capacities of solid carbon and pyrolysis gases absorbing heat. In
addition, there exists the seepage of pyrolysis gas, the reactions between gas and
solid and the change rate of density in this layer.

(3) The char layer: there is a solid carbon structure remained in the ablator above
the temperature of material exceeding the complete pyrolysis temperature. During
the pyrolysis gases flow through this layer to the surface of the ablator, solid carbon
and pyrolysis gases continue to absorb thermal, and even the secondary cracking of
pyrolysis gases is taken into consideration if necessary.

(4) The ablation layer: it is an extremely complex zone with both absorbing and
releasing heat. For example, convection and radiation function directly on the sur-
face of ablator; surface carbon reacts with oxygen; pyrolysis gases and combustion
products of carbon inject to the boundary layer, which can change the velocity,
temperature and concentration of gas.

2.1.2  Pyrolysis interface model

Assume that: (1) pyrolytic reaction only occurs on the pyrolysis interface which
the pyrolysis layer between a char layer and a virgin material layer is simplified
as. (2) pyrolysis gases do not react chemically with the porous char layer through
which it flows [Li, Huang, Zhang (2014), Becker, Herwig (2013)]. In Fig. 2, x,. is
the coordinate of pyrolysis interface which is a function of time, T, is the constant
temperature of pyrolysis interface. It is clearly that the pyrolysis interface model is
a simplification of the pyrolysis layer model.

2.2 Mathematical models
2.2.1 Pyrolysis layer model

Based on the pyrolysis layer physical model, the transient heat conduction equa-
tions for pyrolysis layer model are respectively written in the forms

IT(xt) 9 IT(x,1)
P = gtk

0<x<x (1)
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Figure 2: One-dimensional pyrolysis interface model.
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where p, ¢ and k are respectively the density, the specific heat and the thermal
conductivity. s is the mass injection rate, and h is the enthalpy. The subscripts 1, 2,
3 and g represent the virgin layer, the pyrolysis layer, the char layer and pyrolysis
gas, respectively.

If the accumulation of gases is ignored, the change of mass injection rate yields
to the change of density. The conservation of mass may be denoted by [Gibson,
Browne, Feih (2012)]

0 p2 dmgz
U @
mg3 = mg2|x:xc (5)

It is noteworthy that p; ,ki, ¢, h and p3 are constant values, while other coefficients
of the above equations are functions of temperature. Noting that

d ., dT(x,1), 0°T(x,t)  dky OT (x,t).,

ﬁ[kz ox | =k o0x? +ﬁ[ ox ) ©)
ap2 . dpz 8T(x,t)

ot dr o ™
d ., dT(x,1), 0T (x,t)  dks OT(x,t),,

%VQ ox I=ks 0x2 +ﬁ[ ox ] ®)
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and combining eqs.(6)-(8) with eqs.(1)-(3), we obtain the governing equations

dT (x,1) 92T (x,1)
pici—o =k 3.2 ©)
dpy . OT(x1) | PT(x,t)  dka dT(x,0), . . OT(x,1)
T T TR P
OT(wt) _ PT(wr) dhs OT(ot)y | 9T (1)

=k -7 11
p3cs—p, N e T B U e e (Ih

The nonlinear influence coming from the temperature dependent quadratic term in
eq. (10) makes the calculation difficult.

Suppose that the bondline of ablator is adiabatic, so the boundary conditions are
given by

AT (x.1)

—k 3= 0 x=0 (12)

T=T, x=x, (13)

T=T. x=xp (14)
dT (x,t '

—k3 a(x ) =0q— EGT;} +Hcomheom X =X (15)

where € is the emissivity of the ablation surface, ¢ is Stefan-Boltzmann constant,
and T,, is the surface temperature of ablator changing with time, thermal block-
age coefficient ¢ is a number between O and 1 relating with mass injection rate,
recovery enthalpy and cold wall heat flux g..;4, which can be write as
. . hy
@ = 1—0.58(rirg3 + ticom) —— (16)
qcold

where subscript com represents the combustion of surface carbon,/, is the recovery
enthalpy, which is the function of cold wall heat flux

hy =3 x107¢2,,; — 146¢coiqa +2 x 10° (17)

and the hot wall heat fluxq is given by [Potts (1995)]

hy
q:(hold(l_i) (18)

hy
where h,, represents the wall enthalpy, which is the function of surface temperature

8.33 x 10°T;, — 2.49 x 10°, 300K < T,, < 1500K
hy=<{ —5x10°T,, +8.5 x 10°, 1500K < T;, < 1700K (19)
1.54 x 10°T;,, —2.61 x 10°,  1700K < T,, < 3000K
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On the basis of conservation of mass, mass injection rate of the combustion of
surface carbon is denoted by
Ax;
At

(20)

Tileom = P3

where, Ax;, is the moving boundary distance for each time point, Ax,/At is the line
ablation rate.

It should be also paid attention that the heat flux at two moving interfaces must
satisfy

oT (x,t) oT (x,t)

—k1 ox = —]Q x X = Xyp (21)
oT(x,t) dT(x,1)

—kz ax = —k3 ax X = xpc (22)

And initial condition is written in the form
T(x)=Ty t=0 (23)

2.2.2  Pyrolysis interface model

Based on the pyrolysis interface physical model, the transient heat conduction equa-
tions for pyrolysis interface model are respectively written in the forms

OT(xr) _ 9 OT(x1)

pici % Za[ " ] 0<x<x, (24)
dT (x,t d . dT(x,t , dT (x,t
p3c3 a(); ) - a[]@ a(i )] +mg3cga(jz) Xye <x< Xs (25)

The boundary conditions are shown as

T (x,t
9T g g (26)
ox
T = TVC X = Xye (27)
oT
—k3 a(x’t) = Qq— SGT;} =+ mcothOIl’l X = X (28)
X

In the above model, the pyrolysis temperature T, is a known constant on the in-
terface instead of an interval in the pyrolysis layer. The energy balance equation in
pyrolysis interface is given by the relation

T (x,t) i T (x,t)
ox 'V ox

—k3 Fritghy  x = x, (29)
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The other parameters and initial condition are same with that in the pyrolysis layer
model.

Both of the above mathematical models are strongly nonlinear with the tempera-
ture dependent thermal properties, moving interfaces and moving boundary, which
make the calculation for thermal behavior difficult. However, comparing to the
calculation of the pyrolysis layer model, this model only considers one moving in-
terface without temperature dependent thermal properties in the complex pyrolysis
layer, which make the nonlinear calculation easier.

3 Numerical approaches

3.1 Discrete format

To obtain the thermal behavior of ablator, it is necessary to discretize the transient
heat conduction equations, boundary and initial conditions, and write a computer
code. Here we adopt the central difference format in an implicit numerical method.

oT(x,t)  Ti — T,

ox  2Ax 30)
AT (x,1) _ Tfy =217 +T},
RS ’ &) G
" —T1/"!
T(xt) _ T} —T; )

ot At
We use transient the eq. (10) in pyrolysis layer model to illustrate the discretization.
The discretization of eqs. (9), (11), (24) and (25) are the same with the that of
eq. (10). The temperature dependent quadratic term in the equation has to be
discretized as

dky OT(x,t), dky IT(x,t) dT(x,t) dky T/ =T/ Tf, —T}

-1
“ore b . . 33
dT [ ox ) dT ox ox  dT Ax 2Ax (33)
Combining with eqs.(30)-(32), eq.(10) can be transformed into
-1
nenTt K, Ty
- d 2
At pz, 2,j dl;g hg (Ax) (34)
dk " 1 TVL 1
n g i, e T =TT

dp,
PZ,-CZ',,- — a1 he 2Ax
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n—1_pn—1

K ‘3‘2 J+1 Tj 4t c
; — 2.j At __ar Ax g2 i 8 At
Introducing r = — o T A 7= e T, A; and substituting r and
272 2,j 2, 4T 7%

zinto eq. (34), we obtaln the discrete format
T/n_Tjﬂil :r( j+H1 2T +Tn )+Z( j+H1 Tnfl) (35)
LetA=14+2rB=r+7,C=r—zD = Tj"_l, eq. (35) becomes

B CQ;,_1+D

Th— — — " =z 7 36

I T A-CPi TN A—cCP (36)
CQj_+D

A— cp, 1’ QJ A ]C;D, 10

According to eq. (4), the integral formula for mass injection rate of pyrolysis gas
of adjacent space points can be written by

where P; =

m N @dx—@ N a—de
&2 ot~ dT Jy, ot

Xvp

(37

X+l 9Py dpy [+ dT
i = IR g =2 [0 38
M i v, Ot YTar X, Ot * (38)

P

Substitute eq. (37) into eq. (38), we can obtain the iterative formula of mass
injection rate for j space point

- n . n dpy [*i oT
M = M jin + ﬁ . Wd (39)
Transforming eq.(10) into
T (x,t) 1 9T (x,t) dky 0T (x,t),, T (x,t)
= k — j —_— 40
U T o Tar!Tox L TRt 1 (0

and combining eq. (39), on the basis of Newton-Cotes equation, we can get the
mass injection rate of pyrolysis gas for j space point

T” 2T +T T!  —T"
n Zj+l dky /+1 / 1 jr1 A1
i — dp2 dx [kz,, (Ax)2 + dT( >+mg2/ 2Ax
g2, g2+l dT 2 dpz'

P32~ ar N

T!,—2T" | +T? ! 7,1

n +2 j+1 J dkz j+2 / T2
K (Ax)? + 5 (Foa )+ 16

+

P2 165 41— % ~hyg
(41)
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3.2 Nonlinear analysis at moving interfaces

To calculate the thermal behavior of ablator in numerical simulation for two mod-
els, we have to know moving distance Ax; of boundary, moving distancesAx,,
andAx,. or Ax,.of interfaces for each time point. Reference [Curry, Stephens
(1970)] provided the surface recession rate of AVCOAT composite on the basis
of reaction-rate-control regime (Fig. 3).
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1000 1500 2000 2500 3000

Temperature (K)

Figure 3: Surface recession rate vs. temperature.

To illustrate solutions for nonlinear effect by moving interfaces, we present the
method for obtaining moving distances of interfaces in pyrolysis layer model for
example. The nonlinear analysis at the moving interface of pyrolysis interface
model is same with which we denote as follows.

Combining with eq. (20) with the surface recession rate in Fig. 3, we can get the
mass injection rate of combustion of surface carbon in each time point. It depends
strongly on surface temperature and influences in-depth temperature distribution,
then affects seriously on moving interfaces distances.

Egs. (21) and (22) can be used to calculate moving interfaces distances combining
with egs. (9)-(23). We compute the moving interfaces distances by Newton Secant
method [Gibson, Browne, Feih (2012)], which is an iterative method.

Firstly, introduce two functions representing the heat flux difference on both sides
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of moving interfaces x = x,,, and x = x,, respectively

dT (x,t T (x,t

Fyp(Axyp, Axpe) = —ky a(i )k a(i )] X=Xy 42)
oT (x,t oT (x,t

Fpe(Axyp, Axye) = —k) a(i )—[—k3 a(fc )] X=Xpe (43)

where F,, and F,. represent the heat flux differences at two interfaces, which can
be calculated combining with egs. (9)-(23).

Then, for the sake of getting partial derivatives of function F,, and F),., which
depend on in-depth temperature distribution and changing thermal properties and
cannot be calculated directly. We have to suppose two different initial moving
distances at each interface. For Ax,,,, the initial values are Ax(v)p and Axeg. Simulta-
neously, the initial values are Axgc and Axgg for Ax,.. To calculate the roots Ax,,
and Ax,. of egs. (42) and (43), a matrix can be determined by the relation

Fop(Ax)) Ax).) —Fop (Ax), Ax) ) Fop(Ax), AxD) —Fp (Ax)) AX) )

pc vp> pc 00

A=A, T Axyp — Axy),

FPC'(Axg(p%AX?J(')*FPC (Axep*Ang) Fplf(Ax%)vAxgc)7FPC(AX9p7Axg(') A-xp() - Axgg
AY—AXD, AO—AXD, 44)

_ [ Fop(Axyp, Axpy) ]

Fpe(Axyyy, Axp0)

Obviously, from eq. (44) Ax,, and Ax,. can be obtained by the procedure of New-
ton Secant method shown as follows

1. Suppose initial values Axip, Ax{,c. (i=0,00; j=0,00)

2. Combining with eqs. (9)-(23), calculate F,,(Ax,,
and eq. (44).

‘ Axyp — Axy)
Axpe —Axpe ||,
Axyp — Ay
Atpe — Axll

Ax)e), Fpe(Ax.

vp?

Ax)y)

3. If ‘ < 0, stop the iteration. 0 is the permissible error. How-

ever, if

‘ > 0, go to step (4).

4. If iteration times exceed a preset value, the method is a failure. Conversely,
0 _ Ay00 A0 _ A,00 00 _ 00 _ :
let Ax,, = Ax,,, Ax),. = Ax),c and Ax,; = Ax,p, Ax),. = Ax), returning step
(2) to begin iteration again.

The moving distances of interfaces and boundary can be calculated by methods
mentioned above. According to egs.(9-23), we can write a computer code to calcu-
late the thermal behavior of ablator with pyrolysis layer model. In the same manner,
we can also get the way to calculate the thermal behavior with pyrolysis interface
model.
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4 Numerical example

Taking AVCOAT composites as an example, its nonlinear thermal behavior is sim-
ulated using the calculation codes written respectively on the basis of the pyrolysis
layer model and the pyrolysis interface model.

4.1 Material property parameters
4.1.1 Property parameters in the virgin layer and the char layer

Properties in the virgin layer and the char layer can be measured by experiments
[Curry, Stephens (1970); Curry (1965)]. In these two layers, it is considered that
the some property parameters (e.g. densities, thermal conductivity of the virgin
layer, enthalpy of thermal decomposition and combustion of surface carbon, the
specific heat of pyrolysis gas, the beginning pyrolysis temperature, the beginning
carbonization temperature, the emissivity of ablation surface and Stefan-Boltzmann
constant) are constants, and the other property parameter are functions of temper-
ature [Curry, Stephens (1970); Williams, Curry (1992)], which are shown in Tabs
1-4.

Table 1: Property parameters as constants.

P1 P3 Cg ki 3 o hg heom
[kg/m?] [kg/m’] kg KT [W-m T-KT] W-m 2K [J/ke] [J/kg3]
512.59 | 320.37 2093 0.242 0.65] 5.67x10°8 | 8.77x107 | 1.163x107
TO Tvp TpU Ty

(K] [K] (K] [K]

300 589 811 1242

Table 2: Specific heat of the virgin layer.

Temperature | Specific heat
[K] D-kg K]
311 1457
367 1465
422 1549
478 1591
533 1758
589 1842
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Table 3: Specific heat of the char layer.

Temperature | Specific heat

[K] [-kg K]
811 1549
1367 1725
2756 1725
3033 1926

187

Table 4: Thermal conductivity of the char layer.

Temperature | Thermal conductivity
(K] [W-m K]
922 0.242
1033 0.381
1256 0.614
1367 0.736
1589 0.935
1700 1.030
1922 1.212

4.1.2  Property parameters in the pyrolysis layer

To get the thermal behavior with pyrolysis layer model, we have to know the ther-
mal properties in pyrolysis layer. Thermal properties of the ablator in the pyrolysis
layer are temperature dependent. It is proved that dealing with the thermal proper-
ties in the virgin layer and the char layer with linear interpolation is reasonable in
calculation [Curry (1965)]. The thermal properties in the pyrolysis layer are

T-T,
p2=p1—(p1—p3)- (T_T1’> = —0.8659T + 1.0226 x 10°[kg/m’] (45)
pc vp
T-T,
C) =C1 ’x:xvr, - (Cl ’x:xw —C3 |x:xpf) . (T—Tp> (46)
pc vp

= —0.994T +2.3947 x 10°[J - kg ! - K]

T—-T,
k2 = kl ’x:xv,, - (kl ’x:xw, - k3 |x:xpf) . <T_7V:17>
pc vp

= 6.0988 x 1077 +0.206[W-m ' - K]

47
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4.2 Calculation conditions

Assume constant heat flux 8.79x 10°W/m? at the surface, L=15mm, heating time
100s for each model. We set T,.=589K, 630K, 680K, 730K, 770K and 811K in
pyrolysis interface model and then compare their calculation results with that of
pyrolysis layer model, where 589K and 811K is respectively the beginning and
complete pyrolysis temperature.

4.3 Results and discussions

Based on the pyrolysis layer model and the pyrolysis interface model, nonlinear
thermal behavior of AVCOAT composites obtained is shown in Figs. 4 - 9.

From Fig. 4, we can know that the bondline temperature for each model stays at a
temperature 300K in initial 25s. Then they rise smoothly. The bondline temperature
history of the pyrolysis interface model except T,=589K is larger than that of the
pyrolysis layer model. The bondline temperature history of the pyrolysis interface
model (T,,=630K) is the most close to that of the pyrolysis layer model. With
T, increasing, the bondline temperature history of the correspongding pyrolysis
interface model increases. And the bondline temperature history of the pyrolysis
interface model (T,.=811K) is the largest of all. It is obvious that the pyrolysis
interface temperature greatly affect the calculation results of bondline temperature
history.

It is well known that the bondline temperature is the key to evaluate the performance
of TPS. As the results shown in Fig. 4, we will get a conservative calcualtion results
when setting T,,=811K in the pyrolysis interface model. However, TPS will be in
a danger situation when setting T,.=589K in the pyrolysis interface model.

The surface temperature for each model can be seen in Fig. 5. In the first 40s, all
curves rise rapidly. After that, they tend to be stable because of the constant heat
flux on the surface. The severe oscillation in the curve of pyrolysis layer model
at the beginning comes from the occurrence of pyrolysis layer. Other oscillations
of pyrolysis layer model are affected by the nonlinear calculation for the moving
distances of moving interfaces. The surface temperature of pyrolysis layer model is
a little larger than that of pyrolysis interface models except T,,=811K. The surface
temperature history of the pyrolysis interface model (T,,=811K) is the largest of all
and agrees very well with that of the pyrolysis layer model. With T, increasing,
the surface temperature of the corresponding pyrolysis interface model increases.
The surface temperature history of the pyrolysis interface model (T,,=589K) is the
smallest of all. So we can know that the pyrolysis interface temperature has severe
influence on the calculation results of surface temperature history.

Fig. 6 shows the thickness of surface recession for each model. In the first 20s,
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Figure 4: Bondline temperature history.
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Figure 5: Surface temperature history.

189



190 Copyright © 2014 Tech Science Press CMC, vol.43, no.3, pp.175-196, 2014

surface recession of each model does not begin. After that, the thickness of py-
rolysis layer model is a little larger than that of pyrolysis interface models except
T,.=811K. The thickness of surface recession for the pyrolysis interface model
(T,.=589K) is the smallest of all. With T, increasing, the thickness of surface re-
cession for the corresponding pyrolysis interface model increases. The thickness
of surface recession for the pyrolysis interface model (T,,=811K) is the largest of
all and in excellent agreement with that for the pyrolysis layer model. It can be
seen that the pyrolysis interface temperature has severe influence on the calculation
results of surface recession thickness.

0.12 -
layer
1- - -589
0.104r - - - 630
|—-—-680
_.._.730
— 008-L._.__
£ 770
E ............ 811
&% 0.06
Q
£
o)
i 0044
0.02
0.00

Time (s)

Figure 6: Surface recession thickness history.

The thickness of the char layer for each model is shown in Fig. 7. The occurrence
of the char layer of the pyrolysis interface models is earlier than that of the py-
rolysis layer model. After 10s, the char layer thickness of pyrolysis layer model
always exceeds that of pyrolysis interface model except T,.=589K. The char layer
thickness of the pyrolysis interface model (T,,=589K) is the largest of all. With
T,. increasing, the thickness of the char layer of the corresponding pyrolysis in-
terface model decreases. The char layer thickness of the pyrolysis interface model
(T,.=811K) is the smallest of all. However, the char layer thickness of the pyrolysis
interface model (T,,=630K) is consistent with that of the pyrolysis layer model.

The mass injection rate in the char layer for each model can be seen in Fig. 8.
As seen in Fig. 8, the curves are very close to each other with oscillations which



Modeling in Thermal Behavior of Charring Materials 191

2.5
2.0
E 1.5
@
[}
(0]
<
S 1.04
=
[= 7
0.5
L T Y T L T 4 T L] T
0 20 40 60 80 100

Time (s)

Figure 7: Thickness history of char layer.

caused by nonlinear calculation of moving interfaces. In order to identify the curves
clearly, the local position is zoomed in Fig. 8. All curves increase in initial time
and then decrease. The mass injection rate of the pyrolysis layer model is the
largest in the first 10s, then begins to decrease crossing with that of the pyrolysis
interface models. In the end, the mass injection rate of the pyrolysis interface
model (T,.=589K) is the largest of all. The mass injection rate of the pyrolysis
layer model is the smallest of all. The mass injection rate of the pyrolysis interface
model (T,,=811K) is closest to that of the pyrolysis layer model. So, the pyrolysis
interface temperature has effect on the calculation results of mass injection rate.

As shown in Fig. 9, we can see the in-depth temperature distribution for each
model. The temperature distribution of the pyrolysis interface model consists of
two stages. The discontinuous point in the curve of pyrolysis interface model is
the interface between the virgin layer and the char layer. The temperature at this
point is T,, which can be seen clearly. The curve corresponding to the pyrolysis
layer model is smoother than the pyrolysis interface curve. From this curve, we can
see that the temperature distribution consists of three stages—the virgin layer, the
pyrolysis layer and the char layer. The pyrolysis layer is thin. And the temperature
of the beginning and end of this layer corresponds to T, and T, respectively. We
can also know that the temperature in the virgin layer of pyrolysis interface model
except T,,,=589K is larger than that of pyrolysis layer model. However, the temper-
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Figure 8: Mass injection rate history in the char layer.
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Figure 9: In-depth temperature distribution at 100s.
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ature in the char layer of pyrolysis interface model is close to that of pyrolysis layer
model. The temperature distribution of the pyrolysis interface model (T,.=630K)
is in accordance with that of the pyrolysis layer model. It is concluded that the
pyrolysis interface temperature has severe influence on the calculation results of
in-depth temperature distribution.

5 Conclusions

Two models—pyrolysis interface model and pyrolysis layer model were developed
and compared in thermal behavior of charring ablators. Taking AVCOAT com-
posites as an example, its thermal behavior was calculated by the computer codes
written. From the numerical results, it can be concluded as follows:

1. The nonlinear calculation in thermal behavior of charring ablator is easier
by the pyrolysis interface model than by the pyrolysis layer model. The
pyrolysis interface model concludes only one moving interface and ignores
the changing thermal properties in the pyrolysis layer.

2. The selection of the pyrolysis interface temperature is complicated but sig-
nificant in the calculation on the thermal behavior. What is more, setting
T,=630K in the pyrolysis interface model is more reasonable when design-
ing a TPS material for vehicle reentry.
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Nomenclature

density [kg/m3]

specific heat [J-kg~!-K~']

thermal conductivity [W-m~'-K~!]
mass injection rate [kg-m2-s71]
enthalpy [J/kg]

heat flux [W/m?2]

emissivity of ablation surface
Stefan-Boltzmann constant|W-m~2-K %]
temperature [K]

thickness of charring ablator [m]
space coordinate [m]

2PN Q ORI 0D
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t time [s]
F heat flux difference [W/m?]

Subscripts

1 virgin

2 pyrolysis layer
3 char

vp interface between the virgin layer and the pyrolysis layer
pc  interface between the pyrolysis layer and the char layer
vc interface between the virgin layer and the char layer

s surface ablation

g pyrolysis gas

cold cold wall

w surface

r recovery

com combustion

Superscripts

i initial value of Newton Secant method for interface between the virgin layer
and the pyrolysis layer

j initial value of Newton Secant method for interface between the pyrolysis

layer and the char layer
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