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A COMPREHENSIVE ANALYSIS ALGORITHM FOR ABLATION, TEMPERATURE
FIELDS AND THERMAL STRESSES OF THE CARBON-BASE NOSETIPS

Zhen zhong Huang

\ ABSTRACT
fn this paper, the principles of the synthetic
analysis and treatment techniques concerning vehicle
re-entry thermal environment, ablation, heat transfer
i. and thermal stresses are described. The thermochemical
} ablation calculations for chemical reactions on the

ablating surfaces of carbon-base materials are simpli-

fied using selective calculation results. The temper-
ature fields are calculated using the three-level
explicit difference schemes for both constant and non-
constant space steps within the total region. The
thermal stresses are calculated, based on the incomplete
generalized potential energy variational principles

under the supposed conditions of linear elasticity,

using the finite element method. This method can also -
be used to calculate the effects of the various displace-
ment boundary conditions. An automatic grid generation
technique has been developed during the computer code

editing, which helps improve the shape selection cal-
culations.

T

i

Received November 12, 1982.

P S T A TP -
FIP N TP U TR S Wi YA WA AT T WAL AL DR S IR

PPREIRF I Y



L Juraliguing S auit St SRR AN b A AR SR A A A A2 e R A S0 ik e A A A S M- A Ao i D S M i i i vy "t S e Tl Al haCAiacRie R Bie. e 2 v

2 |
N NONENCLATURE
A(e;j) = specilic strain energy
B = gimensionless rate of ablation
c = ¢peciiic heat
Co = (or/a8),
cg = (Ir/r rinddp),
e = strain tensor
fi” = tnv rate of carbon ablation of the ith chemical
reaction to total rate of ablation in chemical
burning
Fj = body force
h = enthalpy
H = hedight

3 :
hg =A/(1+ce+cy)”, hg=T, hg =71 sind

1 = unitl matrix
J = total n.mber of grid points in j-direction
ko, kv, kg = coefficients of thermal conductivity in the

principal virections
L = total nunber of pgria points in l-direction
it = ty:l rate ot ablation ( summation of rates of

ablation nue to various reactions )

PRV

Ni, N, N m = vhape functiong
nj, hrey 27 = directionsl cosines of the normal to the éwﬁ
[ty
boundary ;y;
fi = Ioad aleng, the boundary T
Yo,n = heat flux transtfered into the abluting wall
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% r, = heat radiation of the air to the wall :;..:
l 9w, smootn = cold-wall heat flux on a smooth surface gi;
:S Qresr 4z = heatfluxesin the radial direction and the Eﬁ;
& axial direction E(
ry )
i Ggs Uy Qg = heat fluxes in three directions of the trans- :;1
% formed coordinate system fﬁ?
E 4G = reaction heat per unit mass in the ith :
i direction
iﬁ r = radial coordinate in the spheroidal coordinates
: Te = radial coordinate in the cylindrical
coordinates
Ro = initial curvature radius at the nosetip
rjy, Tj = radial crordinates of the boundary surface and
the material rurface in the spheroidal "
[ 2
coordinate system &;}
Spr Su = load and displacement boundary igz
t = time 3
T = temperaturce
u = Jdisplacerent in radial direction N
Ve
Uy = displacement vector
uj = known displacement vector -
v = axial displacement ?
w = atrain in the circumferential direction %{1
X, ¥, Z = gartesian coordinates -
}3} = column vector in which w and v of the nodal

point are the parameters to be determined
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= rj-Trj see Fig. 3

= half conic angle of the nosetip

= radiation coefficient

= directional angle or the angle between the
position vector and z-axis in the spheroidal
coordinate system

= transformed coordinates

= functional

= density

= boltzmann's constant

= stress tensor

T 0. 0% = radial stress, axial stress, and circumferen-
r, ’

tial stress

= directional angle of the spheroidal
covrdinates

= heat blocking factor introduced by mass within

the boundary layer

= outer wide ot the boundary layer
1 = ncdal point numbers in & and®, or z and r
airections
= initial conditicons

= wall
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l 1. INTRODUCTION

: e

- It has long been a subject of interest to study and develop ;ig

. vehicle heat protection nosetips using carbon-base materials [1,3]. %ﬁ;

i The most appealing advantages of the carbon-base nosetips are :3?-

: slight ablation and small shape changes. However, the thermal ﬁ*i
ey

stress they experience under a shock heating environment is a i
problem of major concern. In order to investigafé the nosetip L
i heat protection, it is necessary to develop a computer code for a
: synthetic analysis algorithm to simultaneously calculate the thermal
:i environment, ablation, heat transfer and thermal stresses. The
N present paper only gives examples for the plug-type nosetipe anal-
i ysis, though the algorithm discussed here can also be applied for

an analysis of shell-type nosetips.

o For a heat protection nosetip, the state of the thermal stress
i depends not only on the mode of its structure, but also on the

heat environment, ablation, the history of its shape changes and
the instantaneous temperature fields in the body. Moreover, all
these factors interfere with each other. Every effort has been
made in recent studies to fully couple these factors in order to

. e~ 0 0 > o
'-llntl"

simulate realistic conditions as closely as possible.

2. ABLATION AND ABLATING CONTOUR

LWL e

During re-entry, the thermochemical ablation of the heat protec-

! tion layers of the carbon-base materials occurs mainly in an
extremely high tmeperature range which is over 3000 °K. At such

f high temperatures, the thermochemical reactions occurring on the

graphite surface can be cbnsidered as in a state of equilibrium

{4]. During re-entry, the temperature on the surface of the heat

protection layers increases gquickly. At the beginning of the

1 re-entry, there exists an influence of the non-equilibrium chemical

reactions. Since the quantity of the ablative mass loss during

this period is limited, it should not introduce appreciable errors

when calculating the ablating processes during the whole re-entry

R P N I I
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period under the assumption of chemical eguilibrium.

EERVE L

Detailed analysis of the thermochemical ablation of the carbon-
base nosetips, based on the JANAF thermodynamics data [6], and the

screening calculations on the entire ablation surfaces along the

trajectory for five carbon vapors and 10 carbon compounds, C (gas),

C2, C3, C4, CS’ Cco, C02, C20, C302, CN, CN2(C-N—N), CNZ(N-C-N),

) CZN’ C3N2, C4N2, whose thermodynamic data are available, are given

l in [5]. ’Besults at the stagnation points are shown in Figure 1
where féli (i =1,2,3,...,15) are the fractions of the ablated
carbon in the total rate of thermochemical ablation in the chemical
reactions to produce each gas or compound. Results show that on

i the ablation carbon surfaces, the chemical reactions producing CO,
C3, C2N and CN (corresponding to curves féG), fé3), fél3) and félo)
in Figure 1) contributes more to the carbon ablation rate and/or
to the thermal effects than to other effects. This makes the abla-

- tion calculations much simpler. Here, some of the secondary
chemical reactions can be neglected during the calculations, and

}f it is sufficient to take into account only the principal chemical

- reactions and corresponding chemical compositions, i.e.,

- 3C==C,

R (1")

N C+50,==CO

X

- C+-§—N,<——£('N

: 20+ 2N, =CN,

)

; Thermodynamic data show that within the normal temperature range
at the ablation surface, the equilibrium constants and the thermal

! effects of these reactions can be expressed nicely by the fitting

a formulas shown in Toble 1 and the approximate mean values. This

5 makes the ablation calculations very convenient. The equilibrium

i constant of the carbon-oxygen reaction can be replaced by zero
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.........................
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of the oxygen remainder. Based upon its equilibrium constant, the

actual quantity of the oxygen remainder in this reaction is small
enough to be negligible.

The thermochemical ablation rate of mass loss on the wall
surfaces can be expressed as

mn=B’WQW*/h¢ - (l)

where the dimensionless rate of ablation, B,can be found through
simultaneously solving the gas diffusivity equations in the boundary

layer with the equilibrium constants of the chemical reactions.

The heat flux which gets into the burning wall is

Qo= Yqo+q,,~€0T % (2)

TAELE 1. The approximate equations of the equililibrium constants
and thermal effects

- kK p=a—-bx10" T(°K) _ ,A?ic:_dflé—lr(if)‘$f'f’?z = o
P R
— 3C=C, :!»,_—_i,i j__ Jiﬁl*_i—_ 199.7 ;—’ 5.3_1—~—
- c+lo==co - \ L . ‘”_‘jwﬁ_l“ R
C+%¢L==CN i ) &?f ‘7_{~A'fzm4> 77 _lﬁf 7 i_A i__,_,
2c+’7N,=C,N ";I o 6.572 }‘ 28,448 ‘ 137.6 '\ 1.98

l~--chemical equation; 2--kcal/mole

e L AT ST S GRS VPR St S VIR UG IR WAE O Wi O




where the second and third terms on the right of the equation are
the radiation heat of the air to the wall and that of the wall to

the air, respectively, and
hy z: ‘ -
qozq.,x[(l— h, )+hB;" f‘c )AQ:J (3)

Provided that the mechanical peeling equations and those of the
particle cloud erosion are given, their effect on. the heat transfer,
shape changes and thermal stresses, can be evaluated using the
synthetic analysis computer code.

During the nosetip ablation, the equation describing the instant-

aneous contour changes is the following:

ors__ A h,
o Wileery o (4)

where m, can be a summation of the mass losses caused by the abla-
tion, peeling and erosion. This is a nonlinear hyperbolic type
partial differential equation. The strategy to solve this equation
is: first linearize the equation, then generate a difference equa-
tion which employs the implicit difference format and introduces
artificial viscous terms and, finally, solve the difference equa-
tion using the iteration method. Details about these procedures
can be found in [5] and [7]. Figure 4 which will be shown shortly
gives the history of the contour changes of the heat protection
nosetips evaluated using this algorithm at the same time when the

temperature fields were calculated.
3. INSTANTANEOUS TEMPERATURE FIELDS

Since the carbon-base materials most likely exhibit an aniso-
tropic behavior, it is necessary to calculate the heat transfer
using the heat transfer equations for anisotropic materials as the
starting point. When computing the instantaneous temperature fields
for the plug-type nosetip structure, it seems better to divide the
domain of interest into two parts, the main part and the plug handle
of the nosetipe, between which an arbitrary boundary such as a

spherical surface may be imagined. These two parts can be connected

AP ICILEN T R L S
o K R . .. . - . .
- Ve Wt e, A
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artificially together as shown in Figure 2. For the main part,
after a spheroidal coordinate system with corresponding origin of
the coordinates is chosen and a moving coordinate system which is
coordinated with the moving boundary is introduced, transformation
between the two coordinate systems is given as

f=—_T"F (5)
A, é,1)

Consider the transformation of the moving burning boundary
into a formal fixed boundary and the heat transfer equations
involving three principal directions which are perpendicular to

each other

A(pCT) 2 oT 9 (y 9T 2 T )
—a +a<k' EP )+6y(kb 3y) a(‘ - )=0 (61
into
A pCT) _ 5 A d(pCT) ) 7
3t Nt A

_ [ a(
= [ﬁ e\ q)+h i 60 (r_\sm()q.)+ A 7¢ (riqe) .

z
Figure 2. The coordinate system
l--artificial boundary
where the 9A/3 is the rate of thickness, i.e., the rate of contour
changes,gd~./ 3 in equation (4). The conditions for heat transfer

along the burning boundary are

€=lc q¢='—Q (8)
where

Q=gort o[ "CaT 14 C1+ €S2 (9)

Only bodies with rotational symmetry at 2zero angle of attack
and having isotropic behavior (at least within the plane perpen-
dicular to the wind axis, i.e., ka = k, ) have derivative terms

b
involving ¢ cancel. Then the problem is simplified to an axisymm-

etric one. For the transformed equation (7) as for an

10 ﬁ ¥
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axisymmetric problem, the first and second derivatives of temper-
ature with respect to the space coordinate and the derivatives of
heat flux with respect to space coordinates within the domain all

assume a central difference form with the second order of accuracy.

e
wts? s

Along the boundary, either the central difference or the forward
or backward difference with the second order of accuracy is assumed.

."n h-

The derivatives of temperature with respect to time take on the
[ - DuFort~-Frankel difference form. Then in the difference equation

within the domain, it is assumed that L

Th=(Te + T +oar) (10)

where the superscripts such as n, denote the numbers of time steps.

Neglecting the higher order terms and rearranging this equation, .
one obtains a three-level explicit difference equation, which is i;;
suitable for computation with good stability. Reference (5] gives -
the details about the derivation of this equation. An example of

an exact analytic solution using this algorithm is also given with

satisfactory accuracy and there is not much influence of the time E_:

steps on the computation. Ll

Since there is no moving boundary for the plug-handle part, N
it is better to use a fixed cylindrical coordinate system. For
rotational bodies at zero angle of attack and ka = kb’ the heat
transfer equation can be written in the following axisymmetric

Forms N6CT) L 2 (1 o), 2 (4 3T
ot re 8r,\ one 3r, oz ¢ 9z (ll)

When connecting the major part and the plug-handle, one must con-
sider the conditions of heat flux continuity along the artificial

boundary between them. 3

Attention should be paid to the following facts when solving

equation (l1) numerically using the difference method: for the 9- %f
coordinate in the spheroidal coordinate system, the major part is e
divided into a uniform grid network. However, the distribution of 1¥f

the grid points located on the boundary is not uniform corresponding

11 [

....................
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to r, direction in the cylindrical coordinate system. To establish
the connection conditions of the normal heat flux continuity at both
sides of the boundary, it is required that the grid points falling
onto the boundary surface by the grid network within the plug-
handle part coincide with those of the main part. This makes it
necessary to divide the plug-handle part into a non-uniform grid
network to meet this requirement. 1In addition, the boundary is

also irregular. To harmonize such a distribution with that of the
main part, it 1s necessary to develop a three-level explicit

difference algorithm for this non-uniform grid network. Specificallv,

for the in-domain points, Taylor series expansion can be applied to
the domain using the temperatures or heat fluxes at their neighbor-

- ing points to obtain the difference approximation to the temperature
F' or heat flux derivatives at those points with unequal steps. For
. example: |
b aT) - 1 [- Argga T (Ar./.lﬂ — Argi. T
f ( or, /iy Arua+Araasl Ariiie nin ¥ Argia AT 1+ ) ot
—AZ’-LI—“-—“‘Tin [+ 0(AF i+ AT i) (12)
Teld -
Fii(k oT ) _ 1 f( LI
Loz T 0z [y ‘;‘(Azi.l+AZi+x.1) z B2)ei

L B2 =A2i k., :)T,+,,1+(AZ'H iy + AZi.l"AZin.: kcl,l/)Tl—hl

AZ,"N. ] Azyz.l
- Az ) Az _ 1 —- 1 )z Az; (13)
[: Azlzﬂ. | k‘”i.'+ Az; : k”—i" (Azl.l Azjwrs (8214

Azi.l ° AZ’*LL

where ) o
FAzien) Rert ) T }+0(A:,.: +B82jm01/

14
G LNE T YN Rl W N (14)

Azjag=2z,1—2,-1

With the same technique used in the main part, the three-level
explicit difference equations for the non-uniform mesh can be

developed.

n The boundary condition for the irregular boundary is

e 6, o7

oT  _
a_'.. et ky ——n, f(Tyr2,t)

oz
12

(15)
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Since the grid lines are not necessarily parallel to the
boundary lines, the structure of the difference format is more
complicated. For the boundary mesh shown in Figure 3, in order to
derive the unequal step difference expressions to the first order
derivatives of the temperatures at boundary nodal point, (J, 1)
with the second order of accuracy, the difference expressions for
the second order derivatives which include the cross terms must be
derived simultaneously so as to generate the difference equations
for boundary condition equation (15). When the partial derivatives
are approximated by the non-uniform difference, there is no need
to make any artificial assumptions usually made at the boundary,
except that the difference is used to approximate the derivatives.
As a result, a more satisfactory solution can be obtained.

What has been mentioned above has been realized in our synthe-
tic analysis program. Calculations show that, similar to the
uniform difference format, the time step in the non-uniform case
does not have much influence on the accuracy and stability of
solutions under the sample calculation conditions.

Results of the sample calculations for the history of the
graphite plug-type nosetip ablation and heat transfer during

re-entry are shown in Figure 4.

J, L" J'lvlﬂ J'Zlﬂ
L3 GIENR
J)l" J"rl'l I'Zil'l

Figure 3. The mesh around nodal point (J, 1l).
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4. STRESS AND STRAIN FIELDS ‘::--_-"
Since the carbon-base materials have a very small range of 52;
plasticity, the objects of this study are limited to those of 'fﬁ.
linear elasticity with small strains. To calculate thermal stress 4 %
fields and thermal strain fields from the known temperature dis- ,;f
tribution, the incomplete generalized potential energy principles Ef
(8] are used, i.e., the small displacement linear elasticity prin- ;x
ciples which take into account the boundary load and the boundary e
displacement conditions and only satisfy the strain-displacement jﬁ-
relationship, [(. B :5?
M=\i\{ACe;)—Fu,)dv—\\Pu.ds N

‘ ' H ' (16) |

._H(“a—i,)oun,ds .

5.

14 ;
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with the finite element method. Note that the subscripts i and

J in the equation denote the corresponding components and the
summation operation. The axisymmetric problems can be simplified
into those within the meridian plane in the cylindrical coordinate
system. Triangles are selected as the finite elements, and in
order to avoid the curious integral along the symmetric axis, refer- L
ence [9] suggests that, except that the parameters to be determined
at the nodal points include the axial displacemenE, v, the circum-
ference strain is directly assumed as

r, (17)

A linear interpolating function can be constructed in an element

by these unknown parameters.

s
[, (=UNCIN, IN.D (8 (e

where superscript, e, indicates the value in an element and {s}€

is the unknown nodal point parameter column matrix in the element.

O =lw, v, w, v, w, 4ot (19)

Use interpolating function (18) to calculate the integral in equa-
tion (16), find the summation for all elements to compose the
general functional. Then get thestationary values,j,e.,a set of
linear equations which contain a symmetric coefficient matrix in
which v and w are unknowns. Then find the nodal point parameters
to be determined. The order of this matrix is twice the total
amount of nodal points. Accordingly, the strain and stresses can
be solved based upon the relationships between strain and displace-
ment and stress and strain.

In equation (16), the boundary conditions are entirely brought
into the functional. This not only makes the scheme dealing with
the boundary conditions more reasonable, but also helps investi-
gate the influence of various types of boundary conditions. An
urgent problem which needs to be solved is that only the outside
boundary which is subjected to aerodynamic pressures has been
dealt with so far, while the more important contact surfaces have
not been studied yet, or only treated as a free boundary. 1In
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order to fully investigate such boundary conditions, the author
divides the boundary conditions into three categories, then gives
the derivation and sample computation. The first category is of
free boundary; in the second category, displacement on the boundary
is assigned in advance, e.g., a zero boundary displacement; and in
the third one, the boundary displacement is partially assigned,
such as the case where only the tangential displacement is allowed,
but not allowed in the normal direction. It undoubtedly deals with
the mixed boundary conditions involving simultaneously the three

types of boundaries with more ease.
5. NUMERICAL METHOD FOR SHAPE~-SELECTING

It seems very clumsy to generate in advance each finite
element grid when computing the thermal stresses for the nosetips
with different original contours. Even for the nosetips with the
same original contour, the contour changes with time due to the
ablation. It is, therefore, almost impossible to generate each
grid network manually for the nosetips with their instantaneous
contours. Thus, thermal stresses can usually be estimated only
from a fixed contour or a few contour changes. Moreover, each time
one calculates a shape, one has to generate one grid system. So
it is necessary to develop a special technique which can be used
to generate automatically the finite element grid network as the
shape of the body changes. The author developed such an automatic
grid generation technique in editing this synthetic analysis com-
puter code. The finite element grid mesh generated by this tech-
nique not only can automatically match the changing shapes caused
by the ablation, but also can automatically match various original
contours with different dimensions, provided that the adjustable
dimensions of the original shapes are available. As shown in Figure

5, after the adjustable parameters Ro' zZ 0 2g B and GL are pro-

c
perly selected, the finite element can be computed for various
bodies with the required shapes. The shape-selection computation
can be easily performed after selecting the different combinations

of these adjustable parameters. Furthermore, combining the
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Fig. €. rlow chart of the compute code
1- Crivinal contour and temperature field at the re-
entry point; ?2- Trajectory time, t; 3- Lirference mesh;
4- Thermal envircnment; 9- Instantaneous temperature
fleld; 6= Ablation; 7- Boundary conditions; 8- Rigidity
natrix nd load vectory; 9- Pinite element mesh;
16- {nrtantaneous contour; 11- Siresg and straing

1= visplacenpent,
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quantitative analysis of the effects of different boundary condi-
tions, it is possible to provide a useful basis for the engineering

designs.

The synthetic analysis computer code edited starts the cal-
culations from the re-entry point, then for the thermal environ-
ment, based on the trajectory and body parameters, followed by the
estimation of the ablation and instantaneous temperature fields.
The calculations for the thermal environment, ablation and instant-
aneous temperature fields are coupled. The code computes the
instantaneous contours, based on the ablation calculation results;
from the instantaneous contour and instantaneous temperature fields
and considering various types of boundary conditions, the code
calculates the stress fields and the strain fields at that instant.
The difference grid mesh and the finite element grid mesh, changing
with the instantaneous contours, are automatically generated at
every instant. A brief flow chart of the complete computer code

is shown in Figure 6.

Since the time step can be taken as long as 0.2 second when
computing the temperatures and the contours, the time spent during
computing all these parameters along a trajectory is limited.

As an example, results of the selecting calculations of the

graphite nosetips for one of the parameters z, are shown in Figure 7.

6. CONCLUSIONS

A synthetic analysis algorithm in which the thermal environ-
ment, ablation, heat transfer and thermal stresses are considered
and an automatic grid generation technique has been developed, is
briefly introduced. With this synthetic analysis computer code,
it is possible to perform a comprehensive numerical analysis for
ablation, heat transfer and thermal stresses during re-entry of
the carbon-base nosetips into the atmosphere. Calculations were
made for nosetip shapes and the connection format of their contact

surfaces.
19
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Abstract

In this paper, the principle of synthetic analysis calculation and some treatment technics
about reentry thermal environment, ablation, conduction and thermal stresses of vehic-
les are described briefly. The thermochemical ablation calculation for chemical reactions on
the ablating surface of carbonbase materials. is simplified by using selective calculation
result. The temperature fields are calculated by means of the three level explicit difference
schemes for both constant and unconstant space steps within total region. The thermos-
tresses are calculated by the finite element method, which is based on the noncomplete
generalized potential energy variational principles under the supposed condition of linear
elasticity. The calculation method of the effects for various displacement boundary con-
dition are provided. An automatic mesh dividing technic is realized in the comprehensive
analysis procedure and selective calculations for shapes can be made with this technic
conveniently. '
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