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

Zhen zhong Huang

ABSTRACT

In this paper, the principles of the synthetic

analysis and treatment techniques concerning vehicle

re-entry thermal environment, ablation, heaf transfer

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.

* Received November 12, 1982.................... ... .... ........ . .. ..,
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A(e.)= specific strain energy

B =imensionLcss rate of ablation

C specific heat

: (dr/r ,ino O),p
!:.e ej = strain tenisjr -"

tnu rate ,t' carbon ablation of the ith chemical

reaction to tntal rate of ablation in chemical

burni ng

Fi :body force

h = enthalpy

H = h i Lht

hi A r1 +' +c, sin 6

S=unit matrix

J = total ri mber of grid points in j-direction

k-, ktu, kc = coefficierts of thurmal conductivity in the

principal ,i rections

, , = total number ol grid points in 1-direction

tot:I rate nf ablation ( summation of rates of

ib],atLo CILIC to various reactions )

"1 ,"" N , c apc fu:iction 's.

i, rc ze ti.nro cosi:ls of tht. normal to the

bound a r,;

P1  -: l:y-d ,'1 l( tht. bound,ry

* qlo , n = h(ut 'Lu.X tr'ansfcred in to the obIting wall L
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qra = heat radiation of the air to the wall

qw, smooth = cold-wall heat flux on a smooth surface

~~'0'~z =heatfiUxtcsir. the radial direction and the

axial direction

r.

Aireaction I-eat per unit mass in the ith

direction

r =radial coordinate in the spheroidal coordinates

rc= radial coordinate in the cylindrical

coordinates

Ro = initial curvature radius at the nosetip

ri, rj = radial coordinates of the boundary surface and

the material -urface in the spheroidal

coordin;atc sy stem

*Sp, SU load arid displacemnent boundary

t =time

T =ttrnperaturu

u = iisplacemnent in radial direction

=displacement vector

*i known displacement vector

V =ix iail di spl acemnent

w :r train in thie circumfferential direction

X,9 y, z- = cteian jordinates

=column vectkor in which w and v of the nodal.

point. are the Daramtcters to be determined
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rj-ri see FiE.

= half conic angle of the nosetip

= radiation coefficient

= directional angle or the angle between the

position vector and z-axis in the snheroidel

coordinate system

= transformed coordinates

=functional

I density

= boltzmann's constant

,.> = stress tensor

r, 0 = radial stress, axial stress, and circumferen-

tial stress

= directional angle of the spheroidal

= heat bloc'.int, factor introduced by mass within

tn bouind'iry Iny er

SubsLcripts "

uter zide of" the boundary layer

, 1 riodal point numbers in and 6, or z and r

(I rec tions

.3c = rJ ti il c oriditjn s. .
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. INTRODUCTION

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

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

The most appealing advantages of the carbon-base nosetips are

slight ablation and small shape changes. However, the thermal

stress they experience under a shock heating environment is a

problem of major concern. In order to investigate the nosetip

heat protection, it is necessary to develop a computer code for a

synthetic analysis algorithm to simultaneously calculate the thermal

environment, ablation, heat transfer and thermal stresses. The

present paper only gives examples for the plug-type nosetipe anal-

ysis, though the algorithm discussed here can also be applied for

an analysis of shell-type nosetips.

For a heat protection nosetip, the state of the thermal stress

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

simulate realistic conditions as closely as possible.

2. ABLATION AND ABLATING CONTOUR

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 OK. At such

high temperatures, the thermochemical reactions occurring on the

graphite surface can be considered as in a state of equilibrium

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

protection layers increases quickly. At the beginning of the

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

5 r
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period under the assumption of chemical equilibrium.

Detailed analysis of the thermochemical ablation of the carbon-

base nosetips, based on the JANAF thermodynamics data [61, 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 , C5, CO, CO2 , C2 0, C3 02, CN, CN2 (C-N-N), CN 2 (N-C-N),

C2 N, C3 N2 , C4 N2 , whose thermodynamic data are available, are given

in [5]. Results at the stagnation points are shown in Figure 1

where f(i/ (i = 1,2,3,...,15) are the fractions of the ablated
c

carbon in the total rate of thermochemical ablation in the chemical

reactions to produce each gas or compound. Results show that on

the ablation carbon surfaces, the chemical reactions producing CO,(6) f(3) f(13) an (10) [
SC3, C2N and CN (corresponding to curves fc , f(, fl 3  and fc'c c

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

it is sufficient to take into account only the principal chemical

reactions and corresponding chemical compositions, i.e.,

3C- ?tC,
(1')

C+1O---CO
2

2

2C+ !N 2 -C 2 N,
2

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

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

makes the ablation calculations very convenient. The equilibrium

constant of the carbon-oxygen reaction can be replaced by zero

6.
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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.

2?. ..'.

The thermochemical ablation rate of mass loss on the wall

surfaces can be expressed as

ma. =B. q,.*/h.(1)'

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.= Oqo+q,°-eoT, (2)

TABLE 1. The approximate equations of the equilibrium constants
and thermal effects

igK r __a bx lO0, T (,K ) %Q - c- dx io-'T (*K ) ":' -; T, " . . .. _." "

a b c d
C d

9.541 39.284 199.7 S .31

CC0-23.8 2.11
2

C+ N: N5.008 2.0 a.
2

2C+ 1 N:;C 3 N i 6.572 28.448 137.6 1.98

1--chemical equation; 2--kcal/mole

8
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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

7(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:
Or,=_ _ A -1h (4)

h° T

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 [71]. 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-

Etropic 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

9



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

r - (5)

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

e(pCT)+k ,I T2L)~ (k T)0~k T (6) -

at~~~. Ox O a,- z a

into

aNpCT) O iA i)(PCT)

at Aa'J

r- ~ ~ (rA sin Ov) + hr ~b(r-%qo)

-ht-• 
.j. 

' S.' 
|

Figure 2. The coordinate system

1--artificial boundary

where the /nt is the rate of thickness, i.e., the rate of contour

changes,3-';/a in equation (4). The conditions for heat transfer

along the burning boundary are

q4- Q (8)

where

Q=q.*. (:CdT)( + C, + C62 (9)

only bodies with rotational symmetry at zero angle of attack

and having isotropic behavior (at least within the plane perpen-

dicular to the wind axis, i.e., ka= kb) have derivative terms

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

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

10
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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.

Along the boundary, either the central difference or the forward

or backward difference with the second order of accuracy is assumed.

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
..... (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 L
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

steps on the computation.

Since there is no moving boundary for the plug-handle part,

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

form: -._.

at rar. +a z

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.

Attention should be paid to the following fa.ts when solving

equation (11) numerically using the difference method: for the e-
coordinate in the spheroidal coordinate system, the major part is "

divided into a uniform grid network. However, the distribution of

the grid points located on the boundary is not uniform corresponding

11 r



to rc 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 r
network to meet this requirement. In addition, the boundary is

also irregular. To harmonize such a distribution with that of the

main part, it is necessary to develop a three-level explicit

difference algorithm for this non-uniform grid network. Specifically;,

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

or heat flux derivatives at those points with unequal steps. For

example:
aT 1 Ar ~ A T 0, ,+

a,.,., , T,,.,.1  +O.+o .,.,.Ar..,.+,) (121
Ar j,,.l - "12Fak T 1_____

k' 2L 'Az +Az
La az Az AZ+I

2

+ Az,+,.,-Az,., k,,.1 T,,,, + Az, + Az :. ,

AZAz,+, 1 1 ( . (13)

, )
where + Azj+, . ,) k, T,.1 T \._AZ,. %Z+t.,

f-Ar.i,. r., ( 1 4 )
A: j,. - ..,.,_ ,_., .

With the same technique used in the main part, the three-level

explicit difference equations for the non-uniform mesh can be
developed. ,.

The boundary condition for the irregular boundary is
aT kT,-' %

ke-- n,, + k. 1 -i (T. r.,, 1) .-, - (15)

12
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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 I
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, -I 1, J- Ii,[+!f

J-l, LJ-2,Lt

J-l,[-I J-2, I-IT

Figure 3. The mesh around nodal point (J, 1). L
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Figure 4. Temperature fields and ablation contour of
the plug-type carbon-base nosetip at different alti-
tudes during re-entry.
1--km.

4. STRESS AND STRAIN FIELDS

Since the carbon-base materials have a very small range of

plasticity, the objects of this study are limited to those of

linear elasticity with small strains. To calculate thermal stress

fields and thermal strain fields from the known temperature dis-

tribution, the incomplete generalized potential energy principles

(81 are used, i.e., the small displacement linear elasticity prin-

ciples which take into account the boundary load and the boundary

displacement conditions and only satisfy the strain-displacement

relationship,-'u.- lud4
lf E[A(e,) - FU]dv- Puds,. .(16) r

14
.......................................................



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

j in the equation denote the corresponding components and the L
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-

ence [91 suggests that, except that the parameters to be determined

at the nodal points include the axial displacement, 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.

SJ,-[IN, IN, IN,] { (18)

where superscript, e, indicates the value in an element and f e

is the unknown nodal point parameter column matrix in the element.
{W'= 1W , Vi t , W , V. r  (1 9 )

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,i.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. In

15 r
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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, r
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 R, z c , z B' and 0L are pro-

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

16 r
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quantitative analysis of the effects of different boundary condi-

tions, it is possible to provide a useful basis for the engineering7

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 zc 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 7.

Tn 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 pro:edure and selective calculations for shapes can be made with this technic

conveniently. 1
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