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Modeling of Mechanical Ablation in Thermal Protection Systems

R. Palaninathan* and S. Bindu®
Indian Institute of Technology, Madras 600 036, India

An integrated thermomechanical modeling of response of low-temperature ablative thermal protection system
under thermal loading encountered by reentry vehicles is presented. Of the three thermal protection mechanisms,
thermal, chemical, and mechanical ablations, only the latter is assumed to influence the recession in the presence of
aerodynamic surface shear for materials with low shear strength at higher temperatures. A model for the mechan-
ical ablation (erosion) is presented that is based on the matching point scheme. The degenerated doubly curved
shell element is employed in the modeling. This enables consideration of the general type of aerodynamic loads,
distributed and varying with surface and time coordinates, which differs from the earlier studies reported in the
open literature. The finite element method uses polynomial approximation to represent the nonlinear through-
thickness temperature profile and explicit-through-thickness integration in the computation of element matrices.
This brings in computational efficiency without loss of numerical accuracy, particularly in the context of multilay-
ered construction. No attempt is made to compute the incident heat flux and other aerodynamic loads. Numerical
examples are presented for specified loads to bring out the influences of material properties and heating rates on
surface recession and are based mostly on assumed material properties.

Nomenclature

[B] = strain—displacement matrix in stress modeling,
temperature gradient matrix in thermal modeling

[C] = capacitance matrix

c = specific heat

[D] = matrix of direction cosines between local and
global coordinates

{d} = global degrees of freedom (DOF)

{d,} = element DOF

[E] = elasticity matrix in global coordinate system

E,, E, = moduli of elasticity in fiber and transverse
directions respectively

{F} = load vector

Gy = in-plane shear modulus of lamina

H, = heat of pyrolysis

h, = heat transfer coefficient due to convection

h, = heat transfer coefficient due to radiation

hy = wall thickness at time 7

[J]* = Jacobian inverse

[K] = conductivity matrix in thermal analysis, stiffness

matrix in stress analysis
= thermal conductivity
= shear correction factor, %
shape functions in natural coordinates
number of layers in the laminate
polynomial order
heat flux/unit area
shear strength
= temperature

Nues Bz
=
I

T, = temperature of medium
[T ]1sy: = stress transformation matrix from x—y—z
to X-Y-Z
[T5]1ss = stress transformation matrix from 1-f—s to x—y—z

t = time, total laminate thickness
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t = jth lamina thickness
u,v,w = components of displacements in the
global directions

\%4 = volume of element

Vii, V2i, V3 = unit vectors in local directions at node i, v3;
normal to surface

X,Y, Z = global coordinates

X, ¥,2 = local coordinates, z normal to surface

o = coefficient of thermal expansion

o, Bi = rotations of v3; about vy; and vy;, respectively

AT = change in temperature

At = time step

AR = surface recession

£ = emissivity

{e} = strain vector in global system

{e0} = vector of thermal strains in global system

0 = fiber orientation angle, measured
anticlockwise from x

Vis, Vyg = major and minor Poisson ratios of a lamina

& n¢ = natural coordinates, ¢ normal to the surface

0 = density

o = Stefan—-Boltzmann constant

{o} = stress vector in global system

T = aerodynamic surface shear

¢ = circumferential coordinate

1,t,s = principal material directions

{} = column vector

() = row vector

[1] = rectangular/square matrix

Superscripts/Subscripts

= element level

node number

layer number

pyrolysis

surface

transpose of a matrix

top, bottom

principal material directions

= differentiation with respect to variable that
follows it
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Introduction

EENTRY space and hypersonic vehicles are subjected to in-
tense aerodynamic heating. The design of suitable thermal
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protection system (TPS) is essential for their successful operation.
TPS is required to keep the excessive heat from destroying or dam-
aging the vehicle or its contents at a minimum weight penalty. The
design is based on the principle that the thermal energy transmit-
ted from the boundary layer must be either absorbed, rejected, or
expended. There are basically four mechanisms of thermal protec-
tion: 1) heat sink, 2) cooling, 3) surface insulation, and 4) ablation.
The fourth type, namely, ablation, is a process by which thermal
energy is expended by sacrifice of material and thereby absorbs a
considerable amount of thermal energy. There are two categories of
ablative materials: melting and nonmelting types. In melting type
(thermoplastics), the liquid is removed immediately after formation
and newer surface is exposed; hence, it is not efficient. In nonmelt-
ing category, again there are two types: high-temperature ablators
(HTA) and low-temperature ablators (LTA). The examples of HTA
are carbon—carbon (C—C) and carbon/silicon carbide ceramic matrix
composites. Three-dimensional C—C composites are used in nose tip
and leading edges. Because of their excellent strength retention with
increase in temperature, the material remains in place and blocks
the heat for longer duration and, subsequently, gets removed by oxi-
dation at higher temperatures,’? >1100 K. In the case of LTAs, me-
chanical ablation precedes chemical ablation because their strength
reduction with temperature is appreciable. The thermal ablation
(sublimation) is said to become appreciable above 3000 K. LTAs
are made of char-forming plastics (thermosetts), which provide
multiple levels of protection.’> They are the materials suitable for
thermal protection of ballistic missiles (high heating rates, shorter
duration). The heating rates associated with flight regimes of a few
reentry missions are said to vary in the range of 57-5700 W/cm?
(Ref. 4).

Because the plastics possess low strength and stiffness, they are
made into fiber-reinforced materials, for example, carbon/epoxy
and carbon/phenolic composites, which renders them also suitable
for load-bearing structural applications. In view of the highly or-
thotropic unidirectional properties (very high strength and stiffness
along fiber direction and low in transverse direction), the fiber-
reinforced composite structures are made into layered constructions,
with fibers in individual layers oriented in preferred directions, ob-
tained through the design. It is the plastic matrix that offers thermal
protection, and hence, selection of suitable char-forming plastic is
the concern of the designer. Materials such as phenolics, polymides,
and polybenzimidazole are considered suitable from the points of
view of char-forming ability and high values of heat of pyrolysis
(heat absorbed due to decomposition into char and gases). Figure 1
shows a section of TPS wall made of a filament-wound layered
shell, subjected to aerodynamic heating ¢ and aerodynamic surface
shear 7 on the outer surface. Figure 1 shows various heat-absorbing
mechanisms.? Because of the high surface temperature of char, a few
phenomena occur: 1) There is reradiation of thermal energy from
outer surface to atmosphere, per the fourth power law. At equi-
librium temperature, the entire incoming energy is thrown back.
2) There is surface recession of the char due to oxidation (chem-
ical ablation). 3) There is removal of soft char on the surface by
the aerodynamic shear (mechanical ablation). The degradation of
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Fig. 1 Layered shell schematic, charring ablator under thermal
loading.

char strength with increase in temperature is responsible for this.
The extent of char removal by mechanical ablation depends on the
in-plane shear strength as a function of temperature and the severity
of the aerodynamic surface shear.

As mentioned, low-temperature ablative TPS offers multilevel
protection, encompassing multidisciplinary areas. It is difficult to
account for all aspects in a single study. It is proposed to include
only two effects in the present work: heat of absorption due to
phase change (heat of pyrolysis) and mechanical ablation. A dou-
bly curved layered shell element to consider arbitrarily distributed
loading with polynomial approximation to represent the nonlinear
through-thickness temperature distribution and explicit integration
in thickness direction (assuming elements of Jacobian inverse con-
stant through the thickness) for numerical efficiency is employed.

Previous Work

The design and development of various types of TPS have re-
mained as topics of active research during the last 50 years. Most
of the initial developments were through experimental studies,
followed by analytical modeling. Even though a large body of
knowledge exists, much of it is classified in nature. Heldenfels®
has evaluated different types of construction of reentry vehicles,
by comparing the heating rate with efficiencies for a total heat of
50,000 Btu/ft? (16.3 W/cm?). TPS made of the charring ablator was
shown to be the most suitable for higher heating rates, at which the
other types become unsuitable. Matting® presented an analysis of
charring ablation with a description of associated computing proce-
dure. The thermal analysis is carried out with the finite difference
scheme. His ablation formulation includes three elements: chemi-
cal, mechanical (erosion), and sublimation. Erosion modeling uses
either an Arrhenius-type equation or a polynomial-type equation
in terms of wall temperature, and the constants are obtained from
material data. An illustrative example for the Apollo program has
been included. Schneider et al.” have presented a thermal/structural
analysis for shape change of graphite nose tips (solid bodies having
axial symmetry) of ballistic reentry vehicles, under axisymmetric
loading (zero angle of attack). Nonlinear analysis, using a finite dif-
ference technique, was employed to account for the shape change.
According to Schneider et al.,” mechanical erosion cannot be sep-
arated from pure chemical ablation at high pressures. For lower
pressures, <55 atm, chemical ablation dominates. For higher pres-
sures, mechanical ablation combines with the latter to increase the
erosion rate. The temperature range used in the ablation model is
7000-9000°R (~23890-5000 K). Chin® presented a formulation for
three-dimensional response of ablating bodies in terms of moving
coordinates. There is no mention of the mechanism of ablation used.
Zien® presented approximate solutions for the one-dimensional ab-
lation problem with time-dependent boundary heat flux. He dealt
with melting ablation. The molten material is assumed to be removed
instantaneously and completely on its formation. A mechanical—
mathematical model was developed by Dimitrienko,'® wherein he
considered the ablating composites as porous multiphase media with
phase transformations. His modeling considers virgin material, char
after pyrolysis, and the pyrolysis gases. The rate of recession is
computed based on the surface temperature. In the numerical exam-
ples, he considered composite materials, but with constant material
properties. Because high temperatures are involved, this assumption
introduces serious limitation on the numerical accuracy. Recently
Covington et al.!" evaluated the ablative and thermal performance
of phenolic-impregnated carbon ablative (PICA), a charring mate-
rial recently developed at NASA Ames Research Center, for the
heat shield of Stardust Sample Return Capsule. They compared the
experimental results against a fully implicit ablation and thermal
computer code, FIAT, a one-dimensional code. FIAT models heat
transfer though conduction and takes into account heat of pyroly-
sis and blowing due to pyrolysis gases. Tables 3 and 4 in Ref. 11
contain the experimental data. The maximum surface temperatures
measured lie in the range of 1350-3500 K and the recession rates lie
in the range 0.1-0.9 mm/s. The following observations can be made
about Ref. 11. Apparently, the author have considered chemical ab-
lation only. Had mechanical ablation been included, temperature
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would not have gone to the cited levels. Also, plastic matrix com-
posite, PICA, loses strength very fast with temperature.'? The data
do not contain information on airflow and surface shear. In these
experiments, the PICA might have remained as soft material on the
surface and blocked heat, before getting oxidized.

There have been a large number of studies carried out over the
past few decades on the stress analyses of laminated composites,
subjected to thermal loads in the form of specified temperature dis-
tributions. On the other hand, only very few have devoted attention to
integrated thermomechanical analyses.'> Dimitrienko'* carried out
an integrated analysis of a system consisting of a thermal-protective
composite material for the external layer, a low-density thermoinsu-
lative material for the middle layer, and a high-strength composite
material for the internal layer. The thermal modeling is treated as
linear transient problem. The cracking of outer surface char and the
delamination between layers have been explained. The initiation of
charring from outer surface, movement of plane of pyrolysis, and
mechanism of surface recession have not been discussed.

Formulation

A degenerated doubly curved shell element has been employed
for both thermal and stress modeling. This element helps to ap-
ply the arbitrarily distributed loading on the surface. Because high
temperatures are involved, the material properties are functions of
temperature, and hence, a nonlinear transient thermal analysis is
carried out. The polynomial approximation technique is used to
represent the nonlinear temperature profile through the thickness.
The explicit integration scheme through-thickness is employed for
computational efficiency. When an enthalpy method is used, heat
of pyrolysis is accounted for. The surface erosion due to mechan-
ical ablation is computed by a matching point scheme. The outer
surface is moved inward by an amount equal to the surface erosion
computed. The stress analysis is carried out before going to the next
time step.

Degenerated Shell Element

The degenerated shell element, shown in Fig. 2, was derived from
a three-dimensional continuum for stress analysis, using degenera-
tion concepts.'> The basic assumption is that linear elements straight
and normal to the undeformed reference surface remain straight and
inextensional even after deformation, but not necessarily normal to
the deformed reference surface. This is applicable for thin and thick
isotropic homogeneous shells. Numerical integration schemes in the
three directions, full or selective/reduced, are employed to compute
the various element matrices.

Reference
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Global axes
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z=t/2 o
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.
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node i li 7=t
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Fig. 2 Doubly curved degenerated shell element: a) eight node layered
curved shell element, b) lamina with local axes system, ¢) unit vectors
at node i, in local directions, and d) cross section of laminate with layer
numbering and distances measured from middle/reference surface.

The coordinates of any point within the element are obtained by
using

X 3 X; 8 ) Xt
74
Yt=>"n Y; Y N m= Yy
. (&, m) +_ Ni(&,m) R )]
7 i=1 Zi i=1 Zl*

where X; = (X + X,’-’)/2 and X} = (X] — Xf’)/2

The primary unknowns, namely, nodal displacements, rotations,
temperatures, and temperature gradients in thickness direction, are
all referred to the reference surface. The reference surface coincides
with the middle surface (at r =0), and its position is not altered
when the outer surface starts receding due to ablation. For the stress
modeling part, degrees of freedom (DOF) are the three displacement
and two local rotation components at the nodes.

The displacement components at any point within the element are

Ui

u 8 8
’ =Y NiEm q v +ZN,-<s,n)z[v1,-,—vz,«]{Z}

i=1 w; i=1

@)
For thermal modeling, the nodal temperatures and their gradients in
the thickness direction are the DOF. For the p order of approxima-
tion, the temperature at any point is written as

<

T,

T

rens =Yl « 55 o SR
=) (Niid.} 3

Thermal Modeling (Nonlinear Transient Formulation)

The heat balance equation for an infinitesimal element is given
by13

qx.x +qvy +qz.z = pcT; “4)

The conversion of mechanical energy to thermal energy is a well-
known phenomenon, usually referred to as thermal-mechanical cou-
pling. However, in analysis of flight structures, this coupling is usu-
ally neglected'®; hence, Eq. (4) does not contain the coupling term.
The associated boundary conditions are 1) specified surface tem-
peratures Ty; 2) specified heat flux, g = q¢; 3) surface convection,
g=h.(T, —T,); and 4) surface reradiation, g =oe(T*— T} =
hr(Ts - Ta()-

Using Fourier’s law, the components of heat flow rate for an
anisotropic medium can be written as

qx kxx kxy kxz Tx Tx
qy ¢ =— | kyx kyy kyz Ty ¢ = —lkxyzl{ Ty ()
qz kzx kzy kzz Tz T,

The material conductivity matrix in principal directions (1, #, z) for
a unidirectional composite (transversely isotropic material) is given
as

kk 0 O
ki:l=|0 &k O, k. =k (6)
0 0 k

The material conductivity matrix in local coordinate system (x, y, z)
for the jth layer is obtained with suitable transformations:
kycos?O +k, sin?0 (k; — k) cosOsind 0
lkiyelj = | (ki —k;)cos@sing k;sin*0 4k, cos?0 0| (7)
0 0 ke

J
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This matrix is transformed to the global directions as
[kxyz]; = [D]] [kyy:1,1D]; ®)

By following the usual finite element procedure, the derivatives of
temperature with respect to the global coordinates are given by

Tx
Ty ¢ = [J]'[BI{d.} = [R){d.} ®
Tz

The variational principle is employed to obtain the governing equa-
tion. The boundary conditions are applied, and the quadratic func-
tional associated with this equation is found. On minimization of
the functional with respect to the nodal variables, we obtain the heat
conduction equation in matrix form at the element level, as follows:

[Celde,} + [KNde} = {F.} 10)

The computation of element matrices in Eq. (10) involves numerical
integration in the three directions in each layer and then summation
over layers to obtain the matrices for the whole laminate. This re-
sults in considerable increase in the computational time of various
element matrices. The increase in time is directly proportional to the
number of layers. Hence, this method becomes inefficient when the
number of layers in the laminate is large, which is usually the case
in reality. To reduce the computational time and, hence, to improve
the numerical efficiency when applied to composite laminates, the
scheme of explicit integration through-thickness in each layer and
summation over all layers and numerical integration on the refer-
ence surface is considered very attractive.!” The explicit integration
through-thickness becomes possible due to an approximation con-
cerning the variation of the elements of inverse of Jacobian through
the thickness. These quantities may be assumed either as constant
or as linearly varying through the thickness. The level of approxi-
mation would depend on the geometric parameters, particularly on
the radius-to-thickness ratio. In most acrospace structures, these ra-
tios are very high, that is, they are characterized as thin shells. In the
present work, the assumption of constant Jacobian inverse across the
thickness is made. The element matrices with the preceding assump-
tion and polynomial order five have been obtained.'® The element
matrices are derived up to polynomial order five [p =5 in Eq. (3)].
Once the element matrices are calculated, they are assembled to give

[CHd,.} + [KNd} = {F} an

Because the thermal properties are dependent on temperature, the
resulting equations are nonlinear. The residual method has been
adopted for the solution of Eq. (11). The variations of the matrices
[C],[K], and { F'} over a time interval of At are assumed to be linear.
The weighting function is taken as unity (subdomain method). The
minimization of error over time interval Az results in'®

LK [*{Ad}, + {R} =0 (12)

Solution of Eq. (12) gives the incremental values of nodal DOF at
a time step.

Heat of Pyrolysis

The thermal analysis of an ablative type of TPS should include
the effects of heat of pyrolysis of the material. The decomposition
of thermosetts (pyrolysis) is a phase-change phenomenon. A lot of
heat is consumed during this stage. This is one of the heat blocking
effects of ablative TPS. In the present work, an enthalpy method
is employed to consider the effect of heat of pyrolysis. Here the
effect of phase change is incorporated by taking a sudden variation
in the heat capacity of the material at a particular temperature, that
is, the heat involved due to phase change is treated in terms of
a temperature-dependent specific heat. To account for this, a new
variable is introduced, namely, the enthalpy, which is the sum of the
integral of the heat content with temperature and heat of pyrolysis.
The effective heat capacity C*, which accounts for the heat due to
pyrolysis, is calculated'® for each layer at Gauss points and used in
the computation of capacitance matrices.

Surface Shear.
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Fig. 3 Surface recession: matching of aerodynamic shear and shear
strength.

Surface Recession

Figure 3a is the section of the laminate with aerodynamic surface
shear T and thickness equal to %, at time ¢, where 6; is the fiber
orientation angle of ith layer. In the computation of surface reces-
sion, the variation of in-plane shear strength with temperature is
required. With the temperature profile through the thickness known
by the thermal analysis at any point, the variation of shear strength in
thickness direction is obtained by interpolation. Figure 3b shows the
variations of temperature through the thickness at any point on the
middle surface, with shear strength vs temperature superposed on it.
Here m is the location where shear strength becomes zero and 7 is
the matching point where the shear strength S and the aerodynamic
surface shear T become equal. This is located by interpolation. The
surface recession Ay is the distance from the outer surface to the
matching point. The material on the outer surface, equal to the thick-
ness of Ag, is removed before undergoing stress analysis and the
subsequent thermal analysis.

The surface recession/boundary movement described has been
incorporated in the present formulation using a degenerated layered
shell element, as shown schematically in Fig. 4. Initially, the num-
ber of layers is equal to nl and the reference surface coincides with
the middle surface, z' =t/2, z> = —t/2 (Fig. 4a). As time proceeds,
the recession starts and Ay is less than a lamina thickness. That
is, a fraction of the outer layer is removed (Fig. 4b). With time, the
extent of material removal increases, resulting in loss of more layers
(n <nland 7' < /2, Fig. 4c). In the described scheme, note that the
reference surface is not changed, that is, the distance of the inner sur-
face from the reference surface is always equal to —z /2. However,
the distance of the outer surface is decreasing with time. The need
for maintaining the reference surface constant arises from the fact
that, in the solution scheme, only the incremental nodal variables,
that is, temperature and its derivatives in thickness direction at the
reference surface, are calculated at each time step and added to the
preexisting values. When the reference surface is maintained con-
stant, it becomes possible to establish one-to-one correspondence
on the nodal variables between the time steps.

Stress Modeling

The same degenerated doubly curved shell element shown in
Fig. 2 is employed in the stress modeling also. The matrix of thermal
strains in global coordinate system for the jth layer is obtained with
suitable transformations, first from the principal material directions
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Fig. 4 Finite element modeling of surface recession.

to the element local directions (x, y, z) and second from local to
global directions (X, Y, Z) as follows:

Eox o
Eoy o
&0z 0
s [ = ARHEN R e V) (13)
Yozx 0
Yoxy 0

After applying the degenerated shell assumptions,'> the elasticity
matrix in the principal material directions (transversely isotropic
material) can be written as

[Eylj =
B E, E vy, 0 0 0 0 T
I — v,y 1 — v
E vy, E, 0 0 0
I —vvn 1 —vivn
0 0 0 0 0 0 (14)
ks E
0 0 0 ——— 0 0
2(1 4 vy)
0 0 0 0 kG, 0
| 0 0 0 0 0 ksG1,

The elasticity matrix [E];, for the jth layer, in the global coordinate
system is obtained by two-stage transformations,”® first from the
material directions (1-f—s) to local directions (x—y—z) and second
from local to global directions (X—Y-Z) (Fig. 2) as

[E]j = [To )yl T his [ Evis LT 1, T5 11 15)

To make the computations efficient, the method of explicit inte-
gration across the thickness was suggested,'” as mentioned earlier,
under thermal modeling. Based on these assumptions, the strain—
displacement matrix [B] is expressed in two parts as

[B] = [B1] + z[B:] (16)

[B;] are independent of the thickness coordinate. This makes the
computation of element stiffness matrix much simpler (model IV
of Premakumar and Palaninathan®"). Explicit integration is carried
out across the thickness and numerical integration on the reference
surface.'® The element matrices are assembled to obtain a global set
of equations and solved for displacements. When the solution vector
of displacements is used, the strains for the jth layer are calculated
as

{e}; = [[Bi] + z[B2]1{d.} an
The stresses in the global frame are obtained from
{o}; = [E];{{e}; — {e0},} (18)

The stresses in local and material directions are then obtained by
appropriate transformations.
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Fig. 5 Transient thermal response of thin graphite/epoxy plate.

Validation Checks

The formulation for the ablative TPS presented in the earlier sec-
tions was subjected to validation checks using simple thermal and
structural problems for which results are available in literature.
The latest reference on the topic of LTA ablation is that of Covington
etal.!! However, it does not address the mechanical ablation model,
and hence, validation checks on this aspect are not possible as of
yet.

16,22

Transient Thermal Response of a Suddenly Heated Thin Plate

A thin plate of graphite/epoxy composite material (not a fiber
composite) is subjected to a uniformly distributed heat flux of
0.1 Btu/in.?- s on one surface and the other surface is insulated.
The thickness of the plate is 0.125 in. The thermal conductiv-
ity of material is 2.2e—05 Btu/in. - s - °F and thermal diffusivity is
1.5e—04 in.?/s. An analytical solution for this is available.!® The
variations of temperature with time are computed for the heated and
the insulated surfaces and are shown in Fig. 5. The gradient is cal-
culated as the difference in temperature between the heated and the
insulated surfaces. The results show good agreement between the
present values and the analytical solution.

Isotropic Shell Subjected to Linearly Varying Temperature Profile

The mean radius of the cylindrical shell is 100 mm and thick-
ness is 1 mm, £ =31.0e+06 MPa, v=0.3, and o =2.15¢—06/K.
Reference temperature is 0 K. The shell is subjected to a linearly
varying temperature profile with a temperature of 4150 K on the
outer surface and —150 K on the inner surface. Because of symmetry
one-eighth of the cylinder is analyzed with 4 x 4 mesh. The edges
are free to expand. The maximum stress in the hoop and axial direc-
tions, away from the edges are given by?? 0 =+, —[a(T, — T\)E/
2(1 —v)], where T, is the outer surface temperature and 7 is the
inner surface temperature and the first sign (+) refers to the outer
surface.

The comparison of results of the present finite element analysis
with the exact solution,?? is given in Table 1. Very good agreement
is seen to exist between the two values.

Numerical Examples

In this section, we present a few numerical examples that are
considered representative for TPS of reentry vehicles. A layered
cylindrical shell of 500-mm inner radius and 20-mm wall thickness



976 PALANINATHAN AND BINDU

Table 1 Stresses in isotropic cylindrical shell subjected to
linearly varying temperature profile through the thickness

Stress, MPa Present Timoshenko and Krieger??
Hoop
Outer surface —14,282.6 —14,282.14
Inner surface —14,281.3 —14,282.14
Axial
Outer surface —14,280.0 —14,282.14
Inner surface —14,282.6 —14,282.14
6000
@ 5000 1 —o—p=3 q=0.5 W/mm?
% 4000 —a—p=4
g 3000 -- % --p=5
a |
g 2000
Qo
= 1000 A
0¥
500 505 510 515 520

Radial distance (mm)

Fig. 6 Temperature profiles for different polynomial orders at¢=30s.

with 20 layers of filament wound composite is considered. The ma-
terial properties are that of nylon/phenolic,”® dependent on tem-
perature, unless stated otherwise. Values of a few properties at
room temperature are k; =0.337¢—3, k, =0.337¢—3 W/mm K,
p=0.1201e-5 kg/mm3, c=128e+3 Jkg-K, H,=0, E|=
1.30e+5, and E,=2.02¢+4 N/mm?. Numerical studies are pre-
sented for 1) aerodynamic heating uniformly distributed on the
surface and 2) nonuniformly distributed. The influence of various
parameters, such as polynomial order, thermal conductivity, heat of
pyrolysis, reradiation loss, and surface shear on temperature profiles
and surface erosion rates has been studied. The general requirements
of finite element formulation, namely, convergence checks and
computational efficiency of the explicit through-thickness schemes
with regard to thermal and stress modeling were verified in earlier
studies.?">* The numerical examples presented here are obtained
using a Pentium IV Personal computer with 2.4-GHz speed and
512-MB RAM. The clock time for solving a specific problem was
about 45 min, with time step of 0.1 s for 50-s duration of solution.

Heat Flux Uniformly Distributed on the Surface
Effect of Polynomial Order

In the thermal modeling, a polynomial approximation is em-
ployed to represent the nonlinear through-thickness temperature
distribution. The selection of appropriate order p for approximation
is necessary. The analysis of cylindrical shell, subjected to a heating
rate of 0.5 W/mm? on outer surface and initial temperature at 300 K,
is carried out for polynomial orders p = 3-5, neglecting the reradia-
tion loss. Figure 6 shows the through-thickness temperature profiles
for =30 s. The outer surface temperature rises very fast, and the
heating takes place within outer one-third part. The temperature in
the inner two-thirds part is almost equal to 300 K. For p = 3, there is
considerable variation (oscillation) in the temperature distribution in
inner-half and for p =5, it disappears, and the temperature becomes
almost constant. Figure 7 shows the through-thickness temperature
profiles for p =35 at different time levels. The surface temperature
reaches a value of 5700 K at t =50 s. The surface reaching such
a high temperature is only a hypothetical case. However, earlier
researchers have also predicted surface temperature of this order.”
The temperature in the inner-half remains constant, equal to the ini-
tial value of 300 K. The polynomial order p =35 seems to be the
optimum and, hence, used in the examples that follow.

Effect of Reradiation Loss
The temperature profiles are obtained with and without reradia-
tion loss and are shown in Fig. 8. When this effect is neglected, the
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Fig. 9 Radiation equilibrium temperatures for different heating rates
(Ref. 4).

surface temperature goes up to 5700 K. When this is included, the
surface temperature rises up to only 1600 K.

Equilibrium Temperature

With the reradiation effect included, the surface temperature in-
creases with time initially and then reaches a steady value (equilib-
rium temperature), the level of which depends on the heating rate.
To investigate this aspect, thermal analyses are carried out for dif-
ferent heating rates, ranging from 0.57 to 57 W/mm?. The surface
temperature vs time are shown in Fig. 9. The equilibrium tempera-
ture for the lowest heating rate (0.57 W/mm?) is 1700 K. In the case
of the space shuttle, the maximum surface temperature encountered
is of this order,'® wherein ceramic tiles are used for TPS. For the
highest heating rate considered (57 W/mm?), the equilibrium tem-
perature goes up to about 5600 K. The equilibrium temperatures
shown compare reasonably well with the literature.*

Surface Recession

The model for surface recession has been presented earlier
(Fig. 4). The controlling parameters are temperature of pyrolysis
T,, heat of pyrolysis H,,, aerodynamic surface shear 7, and in-plane
shear strength S of the TPS material as function of temperature.
Figure 10 shows typical material shear strength vs temperature of
a composite material.'> Numerical examples are presented here for
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assumed values of 7, =500 K, 7 =5 MPa, and H, =0. The tem-
perature profile and hoop stress across the thickness are presented
in Fig. 11 for the two cases, with and without surface recession
with uniformly distributed surface heating, ¢ =0.5 W/mm?2. Note
that when surface recession is accounted for, the surface temperature
only rises up to about 650 K, as against 5000 K when recession is not
accounted for. The hoop stress reduces to 150 MPa (compressive)
from 1000 MPa (compressive) between the two cases. However, the
outer boundary has moved by about 15 mm during time interval of
40 s. About 75% of the material has been sacrificed. This ablation
process is presented schematically in Fig. 12 at four time levels.
The horizontal lines indicate the layers in the laminate. Initially the
total number of layers is 20, and it reduces to 16 atr =10s, to 12 at
t =20s, and to 5 at t =40 s. The char thickness remains constant,
about 1 mm at all time steps. Ay is the ablation/recession depth.
Because the heating is assumed uniformly distributed, Ay is equal
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Fig. 10 Shear strength vs temperature for graphite/epoxy'2: [, solid
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Fig. 11 Variation of temperature and hoop stress across the thick-
ness, with and without surface recession at =40 s, heating rate
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at all points on the surface of cylindrical shell. Also, note that the
reference surface for the shell element formulation initially coin-
cides with the middle surface. As described in the surface recession
modeling (Fig. 4), this reference surface is maintained at the same
location, even though the layers are removed by ablation at higher
time levels. There is no need move this surface. Having unequal
thickness on either side of reference surface does not affect the per-
formance of the shell element. However, it shall increase the severity
of the bending—stretching coupling in the structural behavior, which
is not unusual in laminated composite shell theory. With reference
to Figs. 11 and 12, three more observations may be made regard-
ing the design for structural adequacy. One, the number of virgin
layers remaining at the end of the mission should be adequate to
provide structural design requirements such as impact and buckling
strengths and to withstand the aerodynamic surface pressure acting
on the external surface. In other words, the design of wall thickness
of a TPS needs to be based on both ablative and structural require-
ments. This paper does not address impact and buckling strength
aspects. Two, the temperature level in the virgin layers is almost at
the initial level (300 K), and hence, the material properties at room
temperature can be used in the structural design checks. Three, be-
cause char thickness is small (about 1 mm), the heat blocking effect
of escaping pyrolysis gases may be neglected.

Solution for this thermomechanical problem is obtained in small
increments of time Az, and extent of surface recession Ay is com-
puted at each time step. The recessionrate is obtained as Ag /At. The
recession rates for three heating rates, ¢ =0.5, 1.0, and 2.0 W/mm?,
are shown in Fig. 13a. It may be seen that initially the recession rate
is zero (warming up period, which is less than 1 s and depends on
the heating rate), suddenly shoots up to a peak value of 3 mm/s for
g =2.0 W/mm? (transient condition), and subsequently decreases
and then stabilizes at a steady value of about 0.75 mm/s. The corre-
sponding values for ¢ = 0.5 W/mm? are 0.75 and 0.35 mm/s. Fig-
ure 13b shows the effect of aerodynamic surface shear t on the
recession rate. There is an increase of about 0.1 mm/s when the
shear stress 7 is increased from 0 to 30 MPa.

The influence of heat of pyrolysis on the surface recession is stud-
ied by taking three values, H, =0, 10, and 10° J/kg. The first two are
hypothetical values, and the third is close to that of nylon/phenolic.?
Figure 13c shows the variations of surface recession with time.
The peak recession rate is about 0.75 mm/s and the steady value
is about 0.35 mm/s, for H, =0. The recession rate reduces consid-
erably when H), is increased. The peak value is about 0.3 mm/s and
the steady value is about 0.2 mm/s for H, = 10° J/kg. Also note
that higher value of heat of pyrolysis delays the onset of surface
recession.

Varying Heat Flux Applied over the Surface

¢=0.5 W/mm?: - - - -, without surface recession and , with sur- The strength of the present formulation lies in its capability to
face recession. analyze cases of varying heat flux, nonuniformly distributed on the
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Fig. 12 Circular cylindrical shell, uniform surface heating (g =0.5 W/mm?); section of laminate across thickness at different times.
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Fig. 14 Outer surface temperature vs angular location under circum-
ferentially varying heat flux, g =go(1—cos ¢)/2, at time =40 s.

surface and varying with time and that, in this respect, it differs from
the earlier formulations. One numerical example is presented here
to show this effect. The geometric and material data are same as that
of the examples presented earlier, except that the wall thickness has
been increased to 40 mm. The intensity of surface heating is assumed
to vary in the circumferential direction as ¢ = go (1 — cos ¢)/2 and
remain constant in the axial direction of the cylindrical shell. Nu-
merical values are obtained with gy = 0.25,0.5, 1.0, and 1.5 W/mm?.
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Fig. 15 Laminate thickness vs angular location under circumferen-

tially varying heat flux, g =¢qo(1—cos ¢)/2, at time t=40 s, 7 =5 MPa,
H,=0.

Figure 14 shows the variation of the surface temperature with ¢ at
t =40 s. The temperature remains almost constant at ¢ =0, indi-
cating that the heat flow is almost unidirectional. It varies with ¢
initially, up to about 60 deg, depending on the heat flux intensity,
and then it remains constant at about 650 K for ¢ > 60 deg. The sur-
face temperature has been restricted to this level, because of early
removal surface material by mechanical ablation. Even though the
temperature remains constant over a larger region, the recession has
taken place and the depth varies with ¢ and reaches a maximum
at ¢ = 180 deg. Its variation does not follow the loading pattern,
q=qo(1 — cos¢)/2 (Fig. 15).

Summary

The present modeling is based on the finite element method, the
most powerful numerical procedure, and hence, the analyses of abla-
tive TPS can be carried out close to reality for uniformly or nonuni-
formly distributed and time-varying loads and also taking the varia-
tions of material properties with temperatures into account. This me-
chanical ablation model, presented in the open literature probably for
the first time, needs to be verified against experimental data. Based
on the numerical examples presented, a few concluding remarks
are made. In the representation of nonlinear through-thickness tem-
perature, fifth-order polynomial approximation is considered nec-
essary for problems of this nature. The reradiation effect needs to
be accounted for in the formulation. This is a major heat blocking
(heat throwing) mechanism in hyperthermal environments. The heat
of pyrolysis has a significant influence in absorbing the incoming
heat into the system. It signifies the thermal energy consumed dur-
ing decomposition of char-forming plastics. This property can be a
yardstick in the evaluation of various materials for LTAs. The aero-
dynamic surface shear is seen to influence the recession marginally.
On the other hand, the rate of degradation of shear strength with tem-
perature has considerable influence. In the case of a nonuniformly
distributed heat flux on the surface, even though the heat conduc-
tion is primarily one dimensional (flow normal to the surface), the
surface recession does not follow the pattern of heating and, hence,
the use of doubly curved shell elements assumes importance. The
present paper does not include the effects of heat blockage due to
chemical and thermal ablations; however, they can be included, at
later stage, if desired, to improve the accuracy.
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