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Numerical Study of Transient Thermal Ablation
of High-Temperature Insulation Materials
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A physical model has been developed to describe the transient ablation phenomena of high-temperature insu-
lation materials for the cases with and without the formation of a melt layer on the material surface. The model
takes account of the effects of transient melt-layer formation, variable ablation temperatures, and heat of ablation
of the material. Validity of the model has been demonstrated numerically by comparison with available analytical
solutions for the special case of a constant ablation temperature. For the general case of variable ablation temper-
atures, appreciable differences in the predicted ablation rates have been found between the cases with and without
melt-layer formation for materials having low heats of ablation and for large imposed external heat fluxes. The
present study clearly indicates that the melt-layer effect cannot be neglected at high external heat fluxes, especially
for materials such as MXBE-350 that have low heats of ablation.
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V, = volume of grid element

vy = velocity vector of moving solid

X = spatial coordinate

B = degree of char

At = time step

8x = length between grid nodes

£ = emissivity

® = temperature (=T — Tp)

I = dynamic viscosity

o = density

P = porosity

Subscripts

c = char material

g = gas phase

m = melt layer

s = solid phase

v = virgin material

0 = initial condition

Superscripts

0 = previoustime level

- = volume-averagingquantity or bulk value

A = intrinsic volume-averaging quantity
or apparent value

* = dimensionless parameter

Introduction

IGH-TEMPERATURE insulation materials have been em-

ployed extensively as thermal protection materials in a wide
variety of military, aerospace,and structuralapplications.These ma-
terialsoftenhave beenused as the linersof rocketpropulsionsystems
and missile launching systems and the heat shields of atmospheric
reentry vehicles to protect the substrates when exposed to hyper-
thermal environments. Most high-temperature insulation materials
are carbon and silica fabric polymeric composites.! Among them,
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the reinforced glass-filled polymeric composites,such as H41N and
MXBE-350, have been frequently utilized as the thermal barrierin
military and aerospace applications because of their excellent high-
temperature ablative performance. This type of material possesses
the characteristics of high density, low porosity, high emissivity,
high heat capacity, and low thermal conductivity,etc., which could
sustain thermal attack in a high-temperature environment. The de-
tailed mechanisms of heat transfer in high-temperature insulation
materials have been described by Shih.> When the surrounding tem-
perature or the imposed external heat flux is high enough, melting
or recession or both of the material could occur on the surface.
The surface ablation could become very severe when the material
is subjected to the attack of a particle-laden flow.*

The ablation phenomena taking place at high temperatures have
received considerable attention by a number of researchers in the
past. Moyer and Rindal’ developed a numerical model to predict
the surface recession of high-temperatureinsulation materials, such
as graphite or carbon-carbon composites. Blackwell and Hogan®
proposeda numerical algorithm based upon Landau transformation
and the finite control volume procedure to simulate one-dimensional
problems with steady-state and transient ablation. Yang’ and Yang
etal.®? developed a numerical model for predicting thermomechan-
ical erosion of high-temperature insulation materials exposed to
high-temperature, particle-laden flows such as the exhaust from a
rocket engine. The materials used in such an environment are sub-
jected not only to thermal attack but also to particle impact erosion.
As a result, thermomechanical ablation of the material could take
place.

In the preceding studies the eroded material produced by either
thermal ablation or particle impact erosion was assumed to be effec-
tively removed by the ambient gas stream. As such, no melt layer
would form on the surface of the material. In reality, however, a
melt layer could form on the surface of the material as observed
in the experimental study of Chaboki et al.'® The composition of
the melt layer might include the deposit of the incoming particles
and the eroded high-temperature insulation material. A number of
studies’ !~ 1% have been performedthat consideredthe effectof melt-
layer formation on the rate of heat penetration into the insulation
material. However, they have been restricted to the case of quasi-
steady material ablation with the formation of a steady melt layer
on the material surface. It was found that the presence of a steady
melt layer significantly reduces the rate of heat penetration and thus
the overall erosion of the insulation material.

The authors of previous studies have focused primarily on the
case of quasi-steady ablation with the presence of a steady melt
layer on the eroded surface. Very little attention has been given to
the case of transient ablation of the insulation material with the for-
mation of a transient melt layer. In some applications the ablation
phenomena could be highly transient, and therefore, it might not be
valid to assume the process to be quasi-steady. Moreover, previous
studies''™!* have assumed that the ablation temperature is constant.
In reality, however, the process is likely to occur over a range of
temperatures. Thus, variable ablation temperatures should be con-
sidered in describing the ablation phenomena. The main objective
of this study is to develop a physical model that is capable of pre-
dicting the transient thermal ablation phenomena, taking account
of the effects of transient melt-layer formation, variable ablation
temperatures, and heat of ablation of the material.

Development of an Ablation Model

The high-temperature insulation materials under consideration
in the present study are glass-filled polymeric composites, such as
H41N and MXBE-350.2 For this type of materials, a layer of molten
silica is likely to form on the eroded surface during the transient
thermal ablation process, as observed by Chaboki et al.' When
subjected to the thermal attack of a high-velocity,high-temperature
flow, a residual char region would form on the surface. The residual
char can then be removed by the flow, leaving the fiberglass ex-
posed to the hyperthermal environment, which would subsequently
be melted as the failure (melting) temperature of the insulation ma-
terialis reached. The molten substancecould cover the entire surface
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Fig. 1 Schematic of the four separate ablation regions.

as irregularliquid droplets or a thin liquid film. The thickness of the
melt layer could reach several millimeters even though the material
is subjected to the thermal attack of a high-speed flow.!® In the case
of aerodynamic ablation, the melt layer could be affected by the
aerodynamic flow field. However, this is outside the scope of the
present study.

In general, four separate regions including the virgin material,
pyrolysiszone, charresidue,and melt layer could developin the ma-
terials, as shown in Fig. 1. Owing to the thermochemical expansion
and surface ablation of the material, the interfaces separating these
four regions are not stationary but moving with time. As such, the
thermal response model developed by Shih® and Shih and Cheung'’
needs to be modified to account for these moving boundaries be-
fore the model can be applied to predict the thermal response of the
material.

To formulate the problem, the conservative equations in an inte-
gral form for the space, mass, and energy quantities'® are used to
model the behavior of the high-temperature insulation material. In
addition, the Eulerian-Lagrangianapproach,'®?° suchas the Landau
transformation, is adopted to make the moving boundaries station-
ary in the transformed coordinate before discretizing the governing
equations. Two different cases are considered, one without and the
other with the formation of a transient melt layer on the eroded
surface.

Ablation Without a Melt Layer

This case correspondsto the special circumstances for which the
molten substance is assumed to be instantaneouslyremoved by the
flow as soon as it is produced in the transient ablation process.

Governing Equations

The solid and the gas phases within the ablating material are
treated separately with the gas flowing within the moving solid as a
result of thermal expansion®!” and surface ablation of the material.

Solid phase. The governing equations for the moving solid can
be obtained by using the Leibniz rule':

d _ [ .
E(fvfdv)_fvat dV+fAfvb ndA (1

where V and A are the volume and surface of the control volume, f
the dependentquantity under consideration,v, the velocity vector of
the moving solid, and n the unit vector perpendicularto the surface.

Assuming the process of transient thermal ablation to be pre-
dominantly one-dimensional (v, - n = u, ), the governing equations
of the moving solid for mass and energy quantities can be obtained
by substituting f = p, and f = p, h, into Eq. (1), respectively.They
are given as follows.

Conservation of mass:

d _ 0 0 _
—_ ,dV | = dv + U, dA 2
dt([,p ) fv 3 AP b (2a)

The mass decomposition of the ablative material follows the

Arrhenius equation,>!” so that Eq. (2a) can be expressed in the
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following form by assigning dp, /9t = p;:

d
—(/ﬁ;dv) _/ﬁxubdA:fpst (2b)
dr\ Jy A v

= —p,A (%) eE/RT (20)

From Eq. (2c) the density of solid material p, can be solved explic-
itly. Moreover, the degree of char in an ablative material is defined
as

Iav _ Iax
B=—— (2d)
Pv — Pec
Therefore, the weighted averages of the material properties,such as
k,, ®, and &, can be estimated from 8 as follows:

A=(1=pr, + BAc (2e)

Conservation of energy:

d A B . A
— osh, dV | = — (pshy)dV oshsu, dA 3
dt(fvp ) /Vat(p ) +/Ap U (3a)

By replacing the first term on the right-hand side of the preceding
equation with the energy equation for the solid phase as derived in
Refs. 3 and 17, Eq. (3a) can be written as follows:

d A A - 06
— f,ajhjdv —/ﬁjhjubdA:/kj dA+/SJdV
dr v A A 0x v

(3b)
where S, denotes the source or sink terms including the interfa-

cial transfers between the solid and the gas phases and the energy
consumption or generation during the pyrolysis reaction.>!”

Gas phase.  The governingequations for the gas phase that flows
within the moving solid must obey the conservationlaws. The gen-
eral conservative equation for the gas phase is given by Arpaci and
Larsen,'®

i(/de)—}—/f(vg—vb)-ndA:—/n-wdA+/Sv,dV
dt 14 A A 14

“
where f is the dependent quantity under consideration, v, the ve-
locity vector of the gas phase, and ¢ the flux of f and S, the source
term. The continuity, energy, and pressure equations for the gas
phase can be obtained from Eq. (4) as follows.

Continuity equation:
Setting f = p, and o =0, we have

d _ N .
—(f D¢ dV) —f—v/,og(ug —u,)dA = / 0, dV )
e\ Jy A v

where p, = —p,. The quantity p, can be obtained from Eq. (2¢).
Energy equation:

Substituting f = p,h, and —n - p = k, (36, /0x) into Eq. (4), it can
be shown that

d _ A P
d_(/ pghg dV) + f pghg(ug — Uyp) dA
t 14 A

_ 96,
= | k,=—=dA+ [ s,av (6a)
A ax \4

where S, = — S and the gas-phase velocity i, is determined by the
Darcy-Forcheimer equation®!” as follows:
. K 0P,
gy = ————= (6b)
duy dx
y=1+C-Re (6¢)
Kp,®li
Re = VKB (6d)
m

Pressure equation:
By coupling the equation of state for an ideal gas with Eq. (5), the
pressure equation can be written as

d aP*
dr \4 A A ax \4

(7a)
op
pa = —= (7b)
RT,
P
pr=—% (7¢)
Pg()
K
T =p,—P, (7d)
ny

Landau Transformation

Landau transformation has been used in the past in Refs. 6, 19,
and 20 to immobilize the moving boundary in modeling thermal
ablation and phase change problems. The Landau transformationis
based on the use of a moving coordinate defined by

&§=x/L() 8)

where L(t) is the time-dependentinstantaneouslength of the mate-
rial, as shown in Fig. 1. The quantity L(¢) is a majorunknown, which
would vary with time as a result of thermochemical expansion™!’
and material ablation. In the transformed moving coordinate the
domain of interest is fixed between £ =0 and 1. The movement
of the solid phase in the transformed domain must obey the space
conservation law®

d
— dv = / u,dA (9a)
dr J, A

which can be expressed by

dL
up = Ef (9b)

Discretized Equations

Applying Landau transformation and the finite volume method?'
to the governing equations for the solid and the gas phases, the
following discretized equations can be obtained.

Energy equation for the solid phase:

ap®)p =apO)e + awO)w +b (10)
where
ap = (ﬁsémﬂ% +ag + ay (11a)
ag = D.A(|P,|) + [-F,, 0] (11b)
ay = D,A(|P,|) +[F,,0] (11c)

e U =PhCu+BpcC.
! 3

(11d)
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- Ap
D=k~ (11e)

5x
F =p,C,(—u,)Ap (11f)
A(IP]) =10, (1 — |P])°] (11g)
P = E 11h
=5 (11h)

b [(ﬁ;ém%(m%
At

+ () — (pxém@)p}LOAspAp (11i)

In the preceding discretized equations the method of mixture
enthalpy®'” has been used to formulate the enthalpy term for the
solid phase.

Energy equation for the gas phase:

ap(ly)p = ap(by)e +aw(@)w +0 (12)
where
_ = o LOAERA
ap = (pgcg)(;% +ap +ay (13a)
ag = D, A(IP.|) + [-F., 0] (13b)
aw = D, A(|P,|) + [Fy, 0] (13¢)
fi
_ [.fC,dr
C,= (13d)
T, — T,
A
D=k, — (13e)
X
F=p,C,(li, —u,)Ap (13f)
A(IP)) =10, (1 —[P])’] (13g)
p=L (13h)
)

. [(5g5g)?»(9g)?»

-~ +<Sg)p—<pgégeg>p}L0AspAp (13i)

Pressure equation:

apP, =agP;+ayPy +0b (14)

where
P= %LAEPAP + D, + D, + ([F,, 0] +[-F,,0) (159
ag =[—F,, 0]+ D, (15b)
ay =[F,,0]+ D, (15¢)
F =—pqu,Ap (15d)
D = (SLxAP (15e)

The upwind scheme is used to deal with the convection term in the
preceding equations.

Surface Ablation

With the eroded surface being exposed to an external heat flux g}
an energy balance on the material surface leads to

5.0 ds (16a)
= — a
p.Y adt

x=0 x=L(t) elt Layer

In-depth Material External Heat Flux

X=S(t) x,=0

Fig. 2 Domain of interest for the in-depth material and the melt layer.

where dS/dt is the rate of ablation.
In Eq. (16a) heat of ablation Q, is defined as'’

0, =qy/m (16b)

where g istheexternalheatflux toanonablatingwall atthe ablating
temperature and 7 the mass ablation rate of the material.

Ablation with a Melt Layer

For the general case of ablation with the formation of a transient
meltlayer, the solutiondomainneedsto be divided into two parts: in-
depth material and melt layer. The origin of the in-depth material is
fixed on the substrate side, whereas that of the melt layer is set at the
melt surface exposed to the external heat flux, as depicted in Fig. 2.
The governingequationsfor the in-depthmaterialincludingthe solid
and the gas phases are essentially the same as those just given. For
the melt layer the governing equations are obtained by assuming
that the thermophysical properties of the melt layer are constant.
For a thin melt layer this is considered a good approximation.

Governing Equations for the Melt Layer
Following the Leibniz rule the energy equation can be written as

d ds a6,
— /memem dv | — / omCn6, — dA = / k,,— dA
dr ) A dr A 0x

a7

where subscriptm refers to the melt layer and 6,, =T,, — Tj.

Discretized Equation

By applying the Landau transformation& = x /S(¢) and the finite
volume method, Eq. (17) can be discretized as

apOn)p = agBn)e +awO@n)w +0 (18)
where
SOAEPA
ar = (o C) s AL Ly by (19a)
At

ag = D, A(IP,|) +[-F., 0] (19b)

aw = D, A(|P,|) + [Fy, 0] (19¢)

b= wSOAEPAP (19d)

At
in which D, F, and A(]| P|) are defined the same as before.

Interface Condition

An energy balance at the interface L(¢) or S(¢) between the in-
depth material and the melt layer gives

ds

30m
= Pns 20

km_ — R

axm

20,
0x .

Numerical Algorithm

A numerical iterative algorithm has been developed to calculate
the temperature distribution of the material and the rate of ablation.
Because the process of ablation usually occurs over a temperature
range, the numerical algorithm is written to account for variable
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ablation temperatures. For the special case without the formation of
ameltlayer, the temperatureprofile in the in-depthmaterial is solved
from Eqgs. (10-15) by assuming a value for the rate of ablation. The
ablation rate is then updated from Eq. (16a) using the calculated
temperaturefield for the in-depthmaterial. The preceding procedure
is repeated until all of the solutions are converged.

For the case with the formation of a melt layer, the governing
equations for the in-depth material and the melt layer are solved
separately, and the interface condition given by Eq. (20) is used to
connectboth fields. The initial thicknessof the melt layeris assumed
to be sufficiently small so that the solution of the initiating ablation
for the case without a melt layer can be used to provide the initial
conditions for the in-depth material. The temperatures for the in-
depth material and the melt layer are calculated respectively from
Eqgs. (10-15) and Egs. (18) and (19) by assuming a value for the rate
of ablation. The ablation rate is then updated from Eq. (20) using
the new temperature fields just calculated for the in-depth material
and the melt layer. The preceding procedure is repeated until all of
the solutions are converged.

Results and Discussion

To verify the accuracy of the numerical iteration scheme, the
model is applied to predict the ablation of a solid exposed to an im-
posedexternalheat flux, assumingthatno meltlayeris presenton the
material surface and that the process takes place at a constant abla-
tion temperature. For this special case analytical solutionshave been
obtained in Refs. 5 and 6. The thermophysical properties employed
in the numerical calculationsare p = 1600kg/m’, C = 2000 J/kg-K,
k=2 W/m-K, Ty=400 K, T,=1400 K, and Q, =2 x 10° J/kg.
The imposed external heat flux ¢/ is set equal to 2 x 10> kW/m?,
and the substrate temperature at x =0 is set at 7 =400 K. In this
case the total length of the material is chosen to be 10 cm in order to
simulate the ablation under quasi-steady conditions. A comparison
of the presentnumerical results and the exact solutionis depictedin
Fig. 3, and the agreement is found to be highly satisfactory. More-
over, as shown in Table 1, the relative errors in the ablation rates
between the numerical and analytical solutions are found to de-

Table 1 Relative errors in the predicted ablation rates
for the refinement of mesh size and time step at/=16 s
(Exact solution: ablation rate $ =3.125 X 104 m/s)

crease as the mesh size and time step are refined in the numerical
calculations.This demonstratesthe grid independenceof the present
results.

To verify the accuracy of the present numerical iteration scheme
further, the model is also applied to predict the ablation rate of a
semi-infinite solid material that has a constant melting or ablation
temperature, which is equal to 1400 K. The temperature at x =0 is
kept at 400 K. The surface temperature is assumed to be 1500 K,
and a transient melt layer is considered to grow on the eroded sur-
face once the melting temperature of the material is reached. A solid
material with the length of 2.5 m is used to simulate a semi-infinite
solid. The thermophysical properties of the solid material and the
melt layer are assumed to be the same, having the same values as
those employedin Fig. 3. In this case the initial thickness of the melt
layer is assumed to be 0.01% of total material length. The interface
position between the solid and liquid phases (i.e., between the solid
material and the growing melt layer) predicted by the present model
is compared with the exact solution’? in Fig. 4, and the agreement
is found to be highly satisfactory. The relative errors in the pre-
dicted interface position are found to decrease as the mesh size and
time step are refined in the numerical calculations, as displayed
in Table 2. This further demonstrates the grid independence of the
presentresults.

Having verified the accuracy of the numerical iteration scheme,
the presentmodel is employed to performnumerical calculationsfor
the general case of variable ablation temperatures for two different
high-temperature insulation materials, that is, H41N and MXBE-
350. The thermophysical properties of H41N and MXBE-350 are
givenin Tables3 and4.>!7 In addition, decompositiongas properties
are listed in Table 5.>!7 Figure 5 shows the predicted ablation for
H41N assuming no melt-layer formation. The failure temperature
of H41N is set at 1800 K, and thermal ablation of the material is
considered to initiate once this failure temperature is reached. In
addition, the heat of ablation of 1.442 x 107 J/kg measured by Koo
etal.? is employed in the calculations. The H41N material with the
initial length of 1.27 cm is exposed to an imposed external heat flux
of g/ =17.38 x 10° kW/m? for 5.2 s. At the end of this period, the

Table 2 Relative errors in the predicted interface positions
for the refinement of mesh size and time step att=10° s
(Exact solution: interface position S =0.036 m)

No. of mesh Ax,m At,s S@16s, m/s Relative error, % No. off mesh Ax, m ArS 5.m Relative error, %
50 0.002  0.64  3.466x 1074 1091 100 0.025 2 0.036195 0.542
o voor 016 3aoan 1o 317 200 0.0125 0.5 0.036185 0.514
o 00005 004 3153 <104 0,90 400 0.00625  0.125  0.036176 0.489
1400 0.04
) o ® Exact 0/.’ "
1200 F Numerical e Numerical '—./.’
. Exact - od
0.03 .
.

— Time=16sec 1 € ././

5 1000} Z od

3 P 4

p } 2 o*

5 17

2 g 0.021

=9
g soof + 3 ‘ﬁ./‘
& g
E
g0} ] 0.01}
J s
400 e r
h o3 v 7 s 1 0.0E+00  2.5E+04  5.0E+04  7.5E+04  1.0E+05
& (=xL) Time (s)

Fig. 3 Comparisonofthe calculated temperature distribution with the
exact solution for the case of a constant ablation temperature (no melt
layer).

Fig. 4 Comparison of the calculated interface position with the exact
solution for the case of a constant ablation temperature (with a melt
layer).
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Table 3 Material properties for H41N Table 5 Decomposition gas properties
Property/parameter Function® Range? Property/parameter Function® Range?
pv, kg/m? 1810.0 —_— kg, W/m/K 0.03+140x 1074 T 20<T <1000
pe, kg/m? 1440.0 —_— C,, kl/kg/K 239+1.05x 1073 T 20<T <800
ky, W/m/K 0.80+2.76x 1074 T 20<T <1000 g, kg/m/s 1.48x 1075 4250x 1078 T 20<T <800

0.96+842x 1074 T M, kg/kmol 18.35 —_—
k., W/im/K —4.07 x 1076 72 20<T <1000 c 73.61 —
+532x107° 13 . .
C,, kl/kg/K 1.0549.76 x 10747 20<T <1200 *Temperature in degrees Celsius.
C., kl/kg/K 0.88+7.60x 1074 T 20<T <1200
D, 0.113 —_—
D, 0.274 JE— 0.16
K,, m? 6.18x 107!8 —
K., m? 4.85% 10715 — 0.14 1~
A, 1/s 1.98 x 10% mg/my =091
8.17 x 10'8 0.795 < my /my < 0.91 0.124-
2.62 x 107 mg/my <0.795 01k
E, kJ/kmol 2.60 x 10° mg/my > 0.795 E
3.54 x 10° mg/mg <0.795 = L
n (=) 17.33 my/my >0.91 g 008
6.30 0.795 <m;/my <091 E B
0.53 ms my <0.795 0.06 e
Qu, kllkg —234.0 mg/mgy > 0.795 0.04+
—2093.0 mg/my <0.795 :
4
Qa, kl/kg 1.442 x 10 —_— 0.02+
&y 0.84 —_—
& 0.88 —_— 0 7 : : 3 §
1] 1 2 3 4 5

*Temperature in degrees Celsius.

Table4 Material properties for MXBE-350

Property/parameter Function® Range*
0, kg/m® 1720.0 —
pe, kg/m? 1204.0 S
ky, W/m/K 0.64+1.14x 1075 T 20<T <1000
0.50+1.88x 1073 T
ke, Wim/K —636x 1076 T2 + 20<T <1000
6.74x107° 13
C,, kJ/kg/K 12644.61x 1074 T 20 <T <800
C., kl/kg/K 0.674+7.12x1074T 20 <T <800
o, 0.124 —
. 0.340 —
K,,m? 2.73x 10717 S
K., m? 1.82x 10713 S
A, 1/s 2.48 x 10* mg /my > 0.96
8.47 x 100 0.70 < my /my < 0.96
8.65 x 10° mg/my <0.70
E, kJ/kmol 2.20x 10° mg/mgy = 0.70
3.42x 10 mg/my <0.70
n(—) 50.64 mg/my>0.96
4.20 0.70 <my/my <0.96
0.21 mg/my <0.70
Qu, kllkg —553.0 mg/my>0.70
—2093.0 mg/my <0.70
Q.. kl/kg 4724 x 10° S
& 0.80 —
& 0.80 —

*Temperature in degrees Celsius.

calculated ablation is about 0.141 cm as compared to the measured

value of 0.147 cm by Koo et a

123

The relative error is only 4%,

which clearly demonstrates the accuracy of the present model.
Figure 6 shows the predicted ablation for MXBE-350 assuming

no melt-layer formation. Owing to the uncertainty of the failure
temperature for MXBE-350, the same failure temperature for H4 1N
(i.e., 1800 K) is employedin calculating the ablation of MXBE-350.
The heat of ablation is set at 4.724 x 10° J/kg, as measured by Koo
et al.”® The MXBE-350 material with the initial length of 1.27 cm is
exposed to an imposed external heat flux of ¢/ =7.38 x 10° kW/m?
for 5.2 second. At the end of this period, the calculated ablation is
about 0.550 cm, as compared to the measured value of 0.472 cm
by Koo et al.® The relative error is almost 16.5% in this case. A

Time (s}

Fig. 5 Predicted extent of ablation for H41N for the case without a
melt layer.

0.6

0.5+

0.4

031

Ablation (cm)

0.21-

0.1

0 i 1 i i 1

0 1 2 3

Time (5)

Fig. 6 Predicted extent of ablation for MXBE-350 for the case without
a melt layer.

possible explanation for this relatively large discrepancy could be
because of the uncertaintyin the failure temperature of MXBE-350.

From the experimental data® it is known that H41N and MXBE-
350haveappreciablydifferentheats of ablation. The heatof ablation
of H41N is nearly three times larger than that of MXBE-350. Thus,
when subjected to the same imposed heat flux, the ablation rates for
both materials could be quite different. Figures 7-10 show, respec-
tively, the predicted amounts of ablation for H41N and MXBE-350
and the calculated rates of ablation for the two materials. In these
figures the initial length of the material is 3 cm, and the imposed
external heat flux is ¢/ =2 x 10* kW/m?. For the purpose of com-
parison, the predicted amounts of ablation for the cases with and
without melt-layer formation are also shown in these figures. To
predict the thermal response of melt layer, the properties of melt
layer used in this study are shown in Table 6. MXBE-350 has a
higher ablation rate than H41N mainly because it has a smaller heat
of ablation. The differencesin the amounts and the rates of ablation
for the cases with and without a melt layer are considerably larger
for MXBE-350 than H41N. This result reveals that the smaller the
heat of ablation, then the larger the effect of the melt layer.
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Table 6 Melt-layer properties of H41N
and MXBE-350

Property/parameter ~ H4IN  MXBE-350
P> kg/m? 1440.0 1204.0
ki, W/m/K 3.052 2.76
Cp,, kl/kg/K 1.792 1.24
0.4
H41N G )
q; =2x10 wim
03F | — Without melt layer
o~ ~ - With melt layer / =
B o7
2
£ o021
=
-~
<
0.1
0 0 50

Time (5)

Fig. 7 Predicted extent of ablation for H41N for the cases with and
without a melt layer.

0.4
MXBE-350
Ll 8 2
q; =2x10 w/m
0.3+ ——— Without melt layer s
______ With melt layer P
g g
2
=
E 0.2
-
0.1
0
5 5 10 15 20

Time (8)

Fig. 8 Predicted extent of ablation for MXBE-350 for the cases with
and without a melt layer.
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Fig. 9 Predicted ablationrate for H41N for the cases with and without
a melt layer.

Table 7a  Effect of external heat flux on ablation of H41N:
g’ =2 X 10° W/m?,t@52 s

With/without Ablation, Ablation Qo, 0O,

melt layer cm rate, cm/s  W/m? W/m? (g) — Q0)/qe
With 0.301 0.00624 1.77x 10° 4.15x 10° 11.5%
Without 0.327 0.00746  2x10° 4.28x 10° 0%

Table 7b  Effect of external heat flux on ablation of H41N:
¢’ =4 x10° W/m?,t@25 s

With/without Ablation, Ablation Qo, 0O,

melt layer cm rate, cm/s  W/m? W/m? (g) — Q0)/qe
With 0.302 0.00121 3.19x 10° 6.43 x 10° 20.2%
Without 0.351 0.00157 4x10° 6.97x10° 0%

Table 7c¢  Effect of external heat flux on ablation of H41N:
q” =8 X 10° W/m?, t@12.7 s

With/without Ablation, Ablation Qo, Qi,
melt layer cm  rate,cm/s  W/m? Wm? () — Q0)/q.
With 0.298  0.00213 5.5x10° 1.01x 10° 31.2%
Without 0.383  0.00324 8x10° 1.18x10° 0%
0.025
0.02 |~
é MXBE-350
L 0815 oA 2
P a5 =2x10 win
o=
8
5 a0l b Without melt layer
= | 4 |- With melt layer
<
0.005 |-
i i 1
h 5 10 15 20

Time {(s)

Fig. 10 Predicted ablation rate for MXBE-350 for the cases with and
without a melt layer.

Figures 11 and 12 present an energy balance on the material
surface for the cases with and without a melt layer for H41N and
MXBE 350, respectively. In these figures Qy is equal to the first
term on the left-hand side of Egs. (16) and (20), Q; the second term
on the left-hand side, and Q,,, the term on the right-hand side. For
both H41N and MXBE-350 the differencein the value of Q; for the
cases with and without a melt layer is relatively small, whereas the
difference in the value of Qy is considerably larger, especially for
MXBE-350. The melt layer tends to grow faster for MXBE-350,
and as such, a larger amount of energy tends to trap within the melt
layer as compared with that of H41N. Therefore, for MXBE-350
there is larger differencein the value of O, between the cases with
and without a melt layer.

Tables 7a—7c show the effect of the imposed external heat flux on
the amounts and the rates of ablation. The material being considered
is H41N having the initial length of 3 cm. Three different imposed
external heat fluxes, equal to 2 x 10> kW/m?, 4 x 10° kW/m?, and
8 x 10° kW/m?, respectively, are explored in this study. As can be
seen from the table, the larger the external heat flux is, the greater
the differences in the extent and the rate of ablation between the
cases with and without a melt layer.

Figure 13 shows the relation between Q, and the thickness of
the melt layer for MXBE-350. In this figure the experimental con-
ditions employed by Chaboki et al.!” are adopted in this study. The
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Fig. 11 Energy balance on the H41N surface for the cases with and
without a melt layer.
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Fig. 12 Energy balance on the MXBE-350 surface for the cases with
and without a melt layer.
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Fig. 13 Relation between O, and the melt-layer thickness for MXBE-
350.

high-temperature material, that is, MXBE-350, having the initial
length of 1.27 cm, is exposed to a high-temperaturetorch that gives
rise to an imposed heat flux of 7.38 x 10° kW/m?. Even though the
thickness of the melt layer is as small as 0.5 mm, the melt layer
can absorb 15% of the imposed heat flux. This clearly indicates that
the presence of a melt layer could appreciably reduce the rate of
heat transfer to the interior side of the insulation material. This is
true especially for materials with a low heat of ablation, such as
MXBE-350. Additional experimental data from Koo et al >*%* were
recently available to the authors to further validate this model in our
next study.

Conclusion

A physical model has been developed to describe the transient
phenomena of thermal ablation of high-temperature insulation ma-
terials for the cases with and without the formation of a melt layer
on the eroded surface. The model has been applied to H41N that has
alarger heatof ablation and to MXBE-350 that has a smaller heat of
ablation. When exposed to the same external heat flux, the growth
rate of the melt layer for MXBE-350 is found to be considerably
higher than that of H41N. Also, much larger differences in the abla-
tionrates for the cases with and withouta melt layer are observed for
MXBE-350 when compared to H41N. For a given insulation mate-
rial the difference in the predicted ablation rates between the cases
with and without a melt layer becomes appreciably larger as the
imposed external heat flux is increased. When a high-temperature
insulation material with a low heat of ablation is exposed to a high
external heat flux, the melt layer tends to grow quickly, and as such,
a large portion of energy is likely to be trapped within the melt
layer under such a circumstance. The protective effect of the melt
layer cannot be neglected at high external heat fluxes for materials
such as MXBE-350, which have small heats of ablation. Additional
experimental data are needed to further validate our model.
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