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Effect of Gas Phase Chemical Reactions on Heat Transfer

J. SPACECRAFT

to a Charring Ablator
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Numerical solutions have been obtained for multicomponent stagnation-point flow with
mass transfer of ablation products yielded by the phenolic-novalac Apollo command module
heat shield. Equilibrium chemistry is assumed, and the range of pertinent parameters such
as stagnation enthalpy and pressure, and pyrolysis gas and char elemental compositions, are
typical of re-entry from a lunar mission. The results for the various components of the sur-
face energy flux may be used for the evaluation of heat shield performance during Apollo re-
entry. Corresponding to each exact solution, inert injectant heat and mass transfer correla-
tions were used to estimate the surface heat transfer g. on the assumption that all the abla-
tion product reactions take place at the ablator surface. The ratio g.(exact)/q.(inert) = @},
termed the chemical energy recovery factor, is near unity for most cases of practical signifi-
cance. The factor R essentially isolates the effects on surface heat transfer of gas-phase chem-
ical reactions involving the ablation products. Furthermore, using our results, we are able to
demonstrate an ablation prediction procedure which should prove suitable for many engineer-

VOL. 8, NO. 6

ing purposes.

Nomenclature

species weighting constant

injection rate parameter, m/g*

specific heat at constant pressure

reference diffusion coefficient

binary diffusion coefficient

diffusion factor

conductance

total and static enthalpies

diffusive mass flux

thermal conductivity

number of chemical elements

Lewis number pC,D/k

molecular weight

mass fraction

mass transfer rate

absolute mass flux or number of chemical species

pressure )

conductive heat flux

nose radius

radius from axis of symmetry

species production by chemical reaction

chemical energy recovery factor, g. (exact numerical
solution)/g. (inert injectant solution)

coordinates along and normal to surface

temperature

velocity components parallel and normal to surface
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mole fraction

boundary-layer thickness

density

dynamic viscosity

fraction of steady-state value of m./m,
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Subscripts
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char and pyrolysis gas, respectively

edge of boundary layer

mixture of edge gas composition but at the surface
temperature

heat and mass transfer, respectively

chemical species 7, j

monatomic molecule of identical molecular weight

stagnation point

s surface and u surface

transferred state

chemical element («)
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Superscripts
B,MC
*

®
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binary and multicomponent, respectively
zero mass transfer
total diffusive

[

Introduction

THE most refined method of predicting heat transfer to a
charring ablator presently available involves the coupling
of a numerical solution procedure for the boundary-layer
flow conservation equations to a finite-difference solution
procedure for the in-depth response of the ablative material.!
Such an approach is not feasible for performing engineering
calculations over a complete re-entry trajectory because of
the cost and the inherent unreliability of such a complex cor-
puter program. Thus, current practice involves a finite-dif-
ference solution of the conservation equations governing the
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in-depth response of the ablator but uses simple correlation
formulas to describe the convective heat transfer to the
ablator surface. These formulas are in the form of standard
correlations for high-temperature boundary-layer flows with
correction factors to account for the reduction of heat trans-
fer due to surface mass addition. The most extensive com-
putations of these “blockage’” factors are those of Anfimov?
and Gomez et al.,? but are restricted by the assumption that
the injected gases do not react within the boundary layer.
The objective of this study was to compute the data required
to evaluate the effect on the surface heat transfer of gas-
phase chemical reactions involving the ablation products.
The specific ablator considered is that used for the heat shield
of the Apollo command module, i.e., a fiber-glass phenolic
matrix containing an epoxy-novalac resin with phenolic
microballoons and silica-fiber reinforcement; the aerothermo-
chemical environment studied is typical of re-entry from a
lunar mission. In addition, the data presented allow us to
demonstrate a heat-transfer prediction procedure suitable for
engineering calculations. A computer program based on this
procedure is currently in production use at NASA/MSC for
the evaluaiion of the Apollo heat shield performance.

The basic data were generated by obtaining numerical
solutions for axisymmetric stagnation-point flow with surface
mass addition. Multicomponent diffusion and a general
equilibrium chemical environment are considered. Unequal
diffusion coefficients are accounted for, with sufficient ac-
curacy, through use of Kendall’s bifurcation approximation
for the binary diffusion coefficients. Thermal diffusion and
diffusional conduction are assumed to have a negligible effect
on the heat transfer. Absorption and emission of thermal
radiation are ignored. The ranges of pertinent parameters
considered are characteristic of re-entry from a lunar mission.
The results presented here, in particular the various compo-
nents of the surface energy flux, have direct engineering appli-
cation. Of equal concern however is the development of an
appropriate correlation procedure.

Most analyses of chemically reacting boundary-layer flows
have been performed utilizing the simplifying assumption of
unity effective Lewis numbers for all diffusing species.
Numerous correlation procedures?~7 have been proposed in
order to account for the effect of nonunity Lewis numbers on
the surface heat transfer. Paucity of suitable data has pre-
cluded a comprehensive evaluation of the merits of the various
procedures and, as a result, no single procedure is presently
accepted as being satisfactory. Bartlett, Nicolet, and Howe?
correlated a heat-transfer conductance defined as the surface
diffusive energy flux k0T/dyl, + Zji.hi,. divided by the
enthalpy difference (H, — h,); the corresponding correlation
of the enthalpy %, is, of course, also required. An alternative
procedure would be to provide separate correlations of the
conduction component in the form kd7T/dy|, divided by
(Hs — he) and the species diffusive fluxes ji,, in the form of
mass transfer conductances g.,.. A correlation of k. is again
required to complete the surface energy balance. However,
the mass transfer conductances are themselves of direct in-
terest for various purposes.

In this work we have chosen to use yet another approach to
the correlation of data for the surface heat transfer. Our
rationale is as follows: ablation has essentially two effects
on the boundary-layer flow, 1) a reduction of the surface heat
conduction and species diffusive fluxes due to blowing, in a
manner similar to that for inert foreign gas injection, and 2)
heat release or absorption due to chemical reactions; e.g.,
there is the possibility of exothermic combustion involving the
edge gases, or endothermic dissociation of product species
such as CO; and H,. In the present application the dominant
gas-phase ablation product reactions are usually the endo-
thermic dissociations. For Le = 1 there is the well-known
result®® that the surface heat transfer is independent of the
location of dissociation reactions within the boundary layer;
i.e., they may be assumed to occur at the surface. Thus, we
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suggest that the effect of ablation on heat transfer may be
viewed as primarily due to blowing, with an injectant gas
composition consistent with the assumptions that all the
ablation product reactions take place at the surface. The
additional effect of the precise location of the reactions within
the boundary layer is then expected to be relatively minor
and hence conveniently correlated for engineering purposes.

To isolate the effect of gas-phase chemical reactions the
following procedure is followed. For boundary conditions
identical to those of a particular exact numerical solution,
inert injectant heat and mass transfer correlations® are used
in a calculation of the surface heat transfer, in which it is
assumed that all the chemical reactions take place at the
surface. The required injectant composition (mi.; ¢ =
1,2,...,n) is obtained by performing an open system equilib-
rium chemical state computation in which both the reactions
of the pyrolysis gases and char surface with the freestream air
are included. As an end result the ratio ¢. (exact numerical
solution)/q. (inert injectant solution) = &, termed the
chemical energy recovery factor, is calculated. This param-
eter is a measure of the effect of gas-phase reactions on the
surface heat transfer, but of course also reflects errors inherent
in the empirical content of the inert injectant calculations.

Finally, this ® factor suggests the basis for an engineering
ablation prediction procedure. One can include an open-
system, surface chemical state computation at each time step
of the finite-difference solution for the in-depth response of
the ablator. Thus, the heat transfer to the ablator surface is
calculated on the assumption that all the ablation product
reactions take place at the surface, i.e., in a manner identical to
that just described for ¢, (inert injectant solution). Pre-
viously generated correlations of ® for the specific ablator
under consideration may then be incorporated to correct the
inert injectant solution. Since ® usually is quite near unity,
the procedure has merit for general engineering purposes.
A situation for which the procedure might not be appropriate
is, for example, towards the end of re-entry where the heat
shield could essentially burn, with a dominance of exothermic
gas phase reactions.

Analysis

Numerical Solutions

A coordinate system is chosen such that distances measured
along and normal to the surface are s and y respectively; the
corresponding velocity components are u and v. For steady
axisymmetric stagnation point boundary-layer flow, the
governing conservation equations for a nonradiating, multi-
component, chemically reacting gas mixture are
mass:

(0/08)(pur) + (0/dy)(prr) = 0 @D
momentum:
ou du/ds + pv du/dy = pa. du./ds + (3/dy) (1 du/dy) (2)
species:

om; om;

pu s t ey oy

> .
—a{(—]i)-%-h t=12...n ()

total enthalpy:
oH _
oy

o] oT . 0 ou
5 (5 - Tin) 15 () @

The Shvab-Zeldovich transformation is applied to the species
conservation equations to yield conservation equations for

OH
pu 35 + pv
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Fig. 1 Surface mass fluxes.

the chemical elements:
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n n
M = E M@, M5 J@ = 2, M, Ji

i=1 i=1

The diffusion fluxes j; are obtained from the Chapman-En-
skog kinetic theory of gases.® To uncouple the Stefan-Max-
well equations describing these fluxes, a bifurcation approxi-
mation1°~12 to the binary diffusion coefficients is introduced
in the form

Dy; = D(T,p)/FF; (6)

where D(T,p) is a reference binary diffusion coefficient and
F.«(T) is a property of the tth species, called a diffusion factor.
For the present investigation it was adequate to take the F;
independent of temperature and employ the simple correla-
tion of the form recommended by Kendall,*? namely

F; o« M0 (7
With these simplifications the diffusion flux j; becomes
Ji = —(pDps/ M) [02:/dy + (2: — m:)d Inps/dy]  (8)
where

2i = Ma:i/Fipa; = D, aF;
-

i

2 ZM:‘%/F:'; M= 3 oM;

7 7

The stagnation-point velocity gradient [du./ds]o is obtained in
the conventional manner by combining the Euler equation
applied at the outer edge of the boundary layer with the New-
tonian pressure distribution for stagnation point flow to yield

(due/d8)|o = (I/RN)(zpe,O/pg,o)l/2 (9)

where Ry is taken as 10 ft, a value appropriate for the Apollo
command module. The boundary conditions appropriate to
the problem are

Y= @ U= ulS); M > Ma,; H—Hy (10)
y=0: u=0 (11)
m = Mg + M. = P, (12)

Miay,e M = Ma),sM + Zl m(a).ijf.ﬂ; (Ot) = 1:27~ . K (13)
iz

where the boundary condition given by Eq. (13) has been

cast in the form suggested by Spalding.’®* Figure 1 illustrates

the notation.

The viscosities and thermal conductivities of the pure
components, and D are computed in the manner recom-
mended by Hirschfelder, Curtiss, and Bird.® The Lennard-
Jones interaction potential is assumed, and the required
parameters are obtained from Svehla!* and Hochstim.’® The
mixture viscosity is calculated following the method of
Wilke,¢ and the mixture thermal conductivity according to
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Mason and Saxena.” The diffusion factors F; are computed
from Eq. (7); in addition, solutions have been obtained using
more accurate values of F; appropriate to the chemical system
under consideration. The results obtained by the two
methods show no significant differences. Thermodynamic
properties from the JANAF tables® and Duff-Bauer!® are
used.

A NASA/MSC computer program, originally developed by
the Aerotherm Corporation, is used. The numerical proce-
dure® is based on the method of weighted residuals with
square-wave moment functions and spline interpolation
functions for the primary dependent variables. Kendall?
demonstrated that three place accuracy could generally be
obtained with seven spline segments. The resultant set of
algebraic relations is solved by Newton-Raphson iteration
using matrix inversion. The chemical state and required
state derivatives were computed in a standard manner.?!
Computer time for a set of 7 solutions is typically 5 min on a
Univac 1108 machine.

Chemical Energy Recovery Factor &

For each exact numerical solution a corresponding inert in-
jectant solution was obtained as follows. For identical values
of Mg,Ma).0y M ,e, T's and external flow parameters, an open
system surface equilibrium chemical state computation?! was
made. The required elemental constraints are provided by
the set of elemental flux relations

n

m(a).lm - m(a),am -+ Z m(a),iji,c; (a) = 172)' . ':K (14)

i=1
where
ji,a = gm,i(mz',s - mi,a) (15)

The mass transfer conductances g..,;, and a suitable expres-
sion for the surface conductive heat flux ¢,, were obtained
from the inert injectant multicomponent mass and heat trans-
fer correlations developed by Gomez et al.,® namely

Om iMc/gm i* =

0MCB;/ [exp(an°By) — 1]; B = m/g:* (16)

where
n /3
ue — ) Mi, s ? . . - N,
O 1.125(Mm El L) 5 mee = 17
L aB B 1,
aM¢/g* =[] [Q(—*h)] (18),
=1 4s
where
4.2/q:* = an,:Bu,i/[exp(an,:Bn,:) — 1] (19
M. \04 Cp. 0.3 Ni,s
;= . air i ’ B ¢ = ! 20
ah’ 1 25( Ml' )a (Cpi-mono>3 * gh* ( )

The exponential functional forms are suggested by Couette
flow modeling of the boundary layer. The multicomponent
combining rules, Eqgs. (17) and (18), and the species weight-
ing constants a; are empirical. The product form of Eq. (18)

Table 1 Pyrolysis gas and char elemental mass fractions

Chemical model I, Model II,

no coking 1009, coking
Element M@ M@ Mg Made
Hydrogen 0.093 0 0.131 0
Carbon 0.547 0.511 0.361 0.614
Nitrogen 0.019 0 0.027 0
Oxygen 0.341  0.238 0.481  0.206
Silicon 0 0.251 0 0.180
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was first suggested by Anfimov.2 Consistent with the manner
in which the mass transfer conductance correlations were de-
veloped, the composition m; . in Eq. (15) was taken to be that
of a gas mixture of freestream elemental composition in
equilibrium at the surface temperature.

This chemical state computation yields the char removal
rate 7., the molecular composition at the s surface m; ., and
the transferred state mass fractions m;,.. These values of
m;,.» are essential to the calculation of g, since in Eq. (20)
there appears n; , = m. . A surface energy balance may
now be constructed to yield the conductive heat flux into the
ablator q.

¢ = kQT/oy)l: + [Z} fadhin = 30 miehil|  (21)

Finally, ® is calculated:

® = q.(exact numerical solution)/

gu(inert injectant solution) (22)

Results

Two chemical models were postulated to describe the char-
acteristics of phenolic-novalac ablation under Apollo re-entry
conditions:

1) The pyrolysis gases do not react with the char as they
percolate to the surface.

2) The pyrolysis gases are in chemical equilibrium with the
char at the surface temperature. In particular “coking” re-
actions have occurred resulting in a deposition of carbon in the
char. Table 1 gives the elemental mass fractions appropriate
to the two models.

Steady-state ablation is defined as the situation where the
char surface and the pyrolysis zone recede at identical rates.
For chemical models I and II, the steady-state values of
e/, are 0.898 and 1.699, respectively. Computations were
performed for ¢ = 0.1, 0.5, and 1.0 [¢ = (actual ,/m,)/
(steady-state value)]. The low values of ¢ characterize the
ablator behavior early in the re-entry trajectory. Table 2
presents results of the exact numerical solutions, which allow a
surface energy balance to be constructed in the form given by
Eq. (23). Also presented are values of ¢, = kdT/0y|, +
Z.Ji shi,s and k, from the inert injectant ealculations, together
with the resulting values of ®. The parameters are ¢, H,,
p, and B;. The enthalpies are with respect to enthalpy datum
states consistent with the JANAF tables.® Figure 3 illus-
trates species concentration profiles through the boundary
layer.

Discussion

The Numerical Solutions

Presented in Table 2 are the surface heat transfer ¢., and
the zero mass addition surface heat transfer ¢*. The values of
¢u, or preferably ¢./¢* may be graphed or correlated to pro-
vide engineering data. In evaluating the accuracy of such
data, three sources of error may be identified: 1) the nu-
merical solution procedure itself (as discussed already, the
three-place accuracy asserted is a negligible source of error in
the present context); 2) the data used to compute the ther-
modynamic and transport properties (complex gas mixtures
at 4000-23,000°R are involved, and the transport properties,
which are essentially theoretical predictions without direct
experimental confirmation, must be particularly suspect);
and 3) the bifurcation approximation to the ©.; (this error is
probably no larger than the expected error in the D;; diffu-
sion coefficients themselves!'). With the inadequacy of the
high-temperature transport property data particularly in
mind, an error in ¢./¢* of between 5 and 109, is suggested.
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Fig. 2a Surface energy balance: absolute basis.

Fig.2b Surface energy balance: convective and diffusive
components,

Heat-Transfer Correlation Procedures

Numerous procedures have been proposed for the cor-
relation of heat transfer from chemically reacting boundary-
layer flows. An understanding of the essential features of
any given procedure with regard to ablation calculations re-
quires a careful study of the surface energy balance. Figures
23 and 2b illustrate the surface energy balance written in two
different forms: 1) with the species fluxes in absolute terms,
and 2) with the species fluxes separated into convective and
diffusive components. To avoid unnecessary algebraic com-
plexity, absorption and emission of radiation, and mechanical
removal of surface material are not included in the energy
balances which follow. The data and procedures of the pres-
ent study are independent of these effects; their inclusion
simply requires use of the appropriate form of the surface

Mole fraction

© o0 © ¢ o o ©
- N W P N

Fig. 3 Concen-

tration profiles,

Cases No. 1-1 and
29.1
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energy balance. The two equations representing the energy
balances depicted in Figs. 2a and 2b are, respectively

Qu = k(aT/ay)\a - Z ni,lhi,a + mahg + mchc (23)
@u = k@T/OY)|s = 2 Jishi,e — tithe + 1hshy + thche  (24)

where Eq. (24) may be obtained from Eq. (23) by substituting
the relations

Ni,s = TMi,s + Jie; ha = Z Mi,shi,s
)

and g. is the conductive heat flux into the heat shield. These
equations are exact within the assumptions implied by the
over-all problem statement. Most correlation procedures
evolve from the form of Eq. (24) which obtains under the unity
Lewis number assumption, namely

qu = (k/cp)(bh/alnls — 1iths 4 Mohg 4+ Mok, (25)

If, in addition, the effect of viscous dissipation is simplified by
assuming a unity Prandtl number (or alternatively if atten-
tion is restricted to stagnation point flow), and if the pu
product is constant across the boundary layer, then we have
the exact result® that the appropriate driving force in a heat
transfer correlation is the total enthalpy difference. Thus we
write Eq. (25) as

Qu = gh(He - hs) - mhc + mnhy + mchc (26)

where g5 is the heat-transfer conductance (gn = p.u.Sts where
St is the heat-transfer Stanton number). Comparison of
Eqgs. (24) and (26) shows that, in the general situation of

Table 3 Data from an inert injectant calculation
with prescribed m.

Chemical model L Chemical model IT

hs, g, hs, 2.9,
Case 7, Btu  Btu ) T, Btu Btu
No. °R Ib ft2-s ® °R b ft2-s ®R

1 4542 74 285.3 1.098 4615 211 283.1 1.100
2 5627 2057 192.5 1.044 4040 144 194.4 1.169
3 5945 4709 104.2 0.948 4990 1838 106.7 1.119
4 4962 5929 51.0 1.058 5316 3226 51.5 1.107
5 5945 4709 104.2 0.948 4990 1838 106.7 1.119
6 5946 4726 79.6 1.022 4989 1834 82.8 1.272
7 5943 4627 59.5 1.117 4958 1755 64.4 1.212
8 5038 4468 41.1 0.943 4884 1581 45.9 1.122
9 5542 6867 17.2 0.673 4913 3377 18.0 0.876
10 5624 6685 21.2 0.727 5013 3421 22.0 0.916
11 5853 5622 55.0 0.886 5131 2698 56.4 1.088
12 5945 4709 104.2 0.948 4990 1838 106.7 1.119
13 6217 4970 172.7 1.070 5380 2431 176.5 1.236
14 4764 312 286.1 1.072 4792 371 285.6 1.075
15 5703 2102 194.3 1.052 5177 133 196.2 1.130
16 6035 4538 108.5 0.919 5840 3829 109.8 0.986
17 6053 5677 55.7 0.341 5888 4962 56.2 —3.392
18 6035 4538 108.5 0.919 5840 3829 109.8 0.986
19 6036 4564 82.8 0.989 5842 3854 84.1 1.084
20 6034 4515 51.6 1.033 5839 3809 63.1 1.101
21 6028 4349 42.1 0.965 5825 3622 43.8 1.260
22 5630 6320 18.4 0.379 5473 5585 18.7 0.310
23 5717 6232 22.9 0.283 5729 5487 23.2 0.117
24 5943 5346 58.7 0.724 5772 4627 59.2 0.765
25 6035 4538 108.5 0.919 5840 3829 109.8 0.986
26 6314 4802 183.1 1.010 6122 4118 185.1 1.080
27 4843 415 287.0 1.051 4843 415 287.0 1.051
28 5771 2116 195.4 1.040 5793 2159 195.3 1.042
29 6124 4401 111.3 1.140 6132 4423 111.3 0.920
30 6143 5468 59.2 2.743 6149 5483 59.3 1.524
31 6124 4401 111.3 1.140 6132 4423 111.3 0.920
32 6126 4442 84.7 0.974 6133 4457 84.7 0.967
33 6125 4411 62.8 0.936 6132 4425 62.8 0.906
34 6119 4274 42.4 0.918 6039 5149 61.0 0.283
35 5716 5880 19.3 —0.045 5722 5886 19.3 —0.878
36 5805 5865 24.1 —1.122 5811 5874 24,1 74.14
37 6033 5136 61.0 0.504 6039 5149 61.0 0.283
38 6124 4401 111.3 1.140 6132 4423 111.3 0.920

39 6409 4677 190.4 0.938 6416 4692 190.5 0.911
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Le; 1, this conductance must be defined as®
0= [HQT/OY)l: = 3 jihi | / (Ho = hi)=
2./ (Ho — hs)  (27)

i.e., the conductance is based on the total energy flux relative
to the mass average velocity g..

In order to provide the basis for alternative correlation pro-
cedures we now follow Lees* and rearrange Eq. (26) by sub-
tracting and adding the term Zm; .h:,. to obtain

Qu = gh(He -2 mi,ehi,s) + 2 galma,e = mahi —

tihe + Mmgh, + b, (28)

Introducing the notation k., = Z mi hi,., the enthalpy of a
mixture of freestream composition but at the surface tempera-
ture, and noting that for Le; = 1, g» = gm,:, Eq. (28) becomes

Qu = gh(Ha - has) + Z gm,i(mz’,a - mz’,s)hi,a -

tiths + tiohy + 1itche  (29)

If we now define the mass transfer econductances as gn,; =
Jio/(mie — m;,,) even for Le; ¢ 1 and with gas phase reac-
tions, then comparison of Eqgs. (29) and (24) shows that

k(bT/ay)|s = gh(He - hes) (30)

We now make two observations:

1) The separation of the conductive and interdiffusion con-
tributions in Eq. (29) is exact even for a chemically reacting
flow with Le; = 1, provided that values of the conductances
are obtained from an exact numerical solution. It is only
when empiricism is introduced via the use of, for example,
Reynolds analogy type correlations for the heat- and mass-
transfer conductances, that the separation becomes inexact.

2) The energy flux across the s surface of direct concern is
not the sum of the conduction and interdiffusion fluxes g,»
(termed the energy supplied by convection by Bartlett et al.8)
but the conduction flux only. This is best seen from Eq. (23)
which may be rewritten as

Gu = k(aT/ay)ls +[Z N ohie — Z i uhi (31)

The bracketed term is the energy absorbed or released at the
surface due to chemical reaction or phase change. For
example, for transpiration cooling with an inert gas, this term
would be identically zero.

Thus, there is a definite merit to the idea of attempting to
provide separate correlations for the conduction and diffusion
components of ¢, in the form of the conductances g» and
gm,: defined by Eq. (29). Unfortunately the latter tend to
behave anomalously when species are produced or consumed
within the boundary layer; for a specific application an ade-
quate correlation of the numerical data for ¢g.,: proves com-
plex and tedious. Since chemical equilibrium is assumed in
the present application there is the alternative possibility of
correlating elemental mass transfer conductances gm,wj;
but a loss in generality of the over-all procedure would be
thereby incurred. In this light the decision of Bartlett et al.,?
to correlate the total flux ¢,® is understandable despite a
number of objections which can be raised. Firstly, a separate
correlation of h, must still be provided in order to reconstruct
the surface energy balance, Eq. (26). Secondly, the numeri-
cal value of ¢, is dependent on the chosen enthalpy datum
state. Thus, engineering calculations based on such correla-
tions must employ the identical datum state. Also, direct
comparison cannot be made with energy fluxes that have
absolute values such as ¢.* and radiative transfer.

The choice of a correlation procedure depends on the man-
ner in which the correlations are intended for use. Thus,
Bartlett et al.?® present detailed instructions for the use of
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their correlations in the engineering calculation of steady-
state ablation, and they refer to a more general form of this
engineering calculation intended for application to transient
ablation. We have developed, and used extensively, a method
for calculating the transient response of a charring ablator
along a re-entry trajectory. The essential element of this
method is the addition of an open system surface chemical
state computation at all (or selected) time steps of a conven-
tional finite difference solution for the in-depth response of the
ablator. The solution proceeds as follows:

1) T, m,, and the g...; are obtained from the previous time
step; 2) with the known 7 (g),,: and m,. an open system
surface chemical state computation yields . and m;,.; 3)
the current value of ¢.* is caleulated by a standard aerody-
namic heating routine; 4) Eqgs. (16-20) are used to obtain
i1, Gs, and new values of ¢,.,:; 5) a surface energy balance
is performed to yield ¢.; and 6) with this value of ¢, the finite-
difference calculation of the in-depth response of the ablator
yields new values of T, and .

Addition of the surface chemistry computation to the cal-
culation method provides a theoretical prediction of ., a
precise surface energy balance, and the values of m; i re-
quired to incorporate adequate heat and mass transfer corre-
lations. The increase in computer time has proven to be less
than 109 for the calculation of heat shield response along a
re-entry trajectory.

The only significant assumption in the foregoing calcula-
tion method is that all the ablation product reactions take
place at the surface of the ablator. The error incurred by
making this assumption is negligible in many applications;
thus the calculation method may be often used without fur-
ther modification. The data obtained in the present study
allow the method to be refined by introducing a correction for
the effect of gas-phase reactions involving the ablation
products. The conductive heat flux into the heat shield g.
determined in step 5 need be simply multiplied by & to re-
cover the exact numerical solution. Also, as mentioned
above, surface radiation and mechanical removal of surface
material, may be accounted for by writing an appropriate
form for the surface energy balance. The accuracy of the
final result then depends only on the adequacy of correlations
or tabulated data of ® generated for the specific ablator.
Since ® usually is near unity, it is not difficult to insure that
the corrected value of g. is within a stipulated error limit.

In correlating our data in terms of ® we are, therefore, both
isolating the effect of gas-phase chemical reactions and pro-
viding a simple correction factor for use in an engineering
calculation. Also, in basing our procedure on ¢., we are able
to provide data which are independent of choice of enthalpy
datum state. Of course R also corrects for errors introduced
through the empirical inert injectant heat and mass transfer
correlations; this is a desirable feature when used in an en-
gineering calculation. On the other hand, this feature pre-
cludes an evaluation of the effects of gas phase chemical reac-
tions in situations where ® = 1 or where g. is relatively low.

An Alternative Definition of ®

The previous section stressed that our choice of correla-
tion procedure was strongly influenced by the requirement
that resulting data be in a form convenient for engineering
calculations. In such a calculation 7, and T, are deter-
mined by the finite-difference solution for the in-depth re-
sponse of the ablator and may be prescribed for the surface
state chemistry at the next time step. It was for this reason
that inert injectant calculations corresponding to exact
numerical solutions were obtained by matching values of m,
and 7,; the equilibrium surface chemical state computation
then yielded the resulting values of m,. However, it is also
possible to specify 7, and 7, in the chemical state computa-
tion; a T, then results from the equilibrium chemistry re-
quirement. Values of ® caleulated following this latter ap-
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proach are presented in Table 3 for chemical models I and I
respectively. These values of ® are not too useful for en-
gineering purposes but do throw additional light on the ef-
fects of gas-phase chemical reactions.

Trends Exhibited by &

In discussing the trends exhibited by ® in Table 2 it is
convenient first to dispose of the anomalies which can be at-
tributed to errors introduced by the inert injectant heat and
mass transfer correlations, or by loss of accuracy in the over-all
approach. We make the following observations:

1) At small B, (Cases 1-1, 14-I, 27-1, 1-II, 14-I1, 27-II)
1.05 < ® < 1.10. Values much closer to unity would be ex-
pected owing to the relatively small quantity of ablation
products being added to the boundary layer. It can be seen
that for these cases ® essentially mirrors the behavior of ¢,®.
Also, comparison of the data in Tables 2 and 3 shows that
matching . instead of 7', yields almost identical results.
The anomaly results from a deficiency in the inert injectant
heat transfer correlation at low injection rates when H and He
are present. For example, in Case 1-I the exact numerical
value of ¢. is actually a little higher than ¢,*, even though
B, = 0.109. This is due to the increased mixture thermal
conductivity, near the surface, which accompanies appreci-
able mole fractions of low molecular weight chemical species
such as H and H,. The exponential form of the inert injec-
tant heat transfer correlation, Eq. (19), and the associated
empirical constants were chosen to yield adequate predic-
tions over a wide range of By and chemical species. It proved
infeasible to substantially improve the correlation in this
regime.

2) When ¢. < ¢.* or mh,, errors inherent in both the heat
and mass transfer correlations are greatly magnified. The
fact that ¢. legitimately can become negative compounds the
problem. Such situations oceur when B, is large and when
H, and p are small. Cases 35-I1 and 36-I1 are the most
dramatic examples of this behavior. Again the data in Table 3
shows that whether T, or . is matched with the exact solu-
tion has little effect on ¢,*». Fortunately, if ¢, is small at any
time along a re-entry trajectory, its exact value is unimportant.
Under such circumstances either ablation is negligible, or the
surface energy balance is dominated by radiation absorption.

3) When ¢. is relatively small due to a large B;, the heat
and mass transfer correlations are particularly suspect.
The correlations tend to be more accurate for the midrange
of B, values; the graphs presented by Gomesz et al.,® suggest
that it is not possible to obtain simple correlations which are
accurate at large values of B;.

4) For large ¢ and appreciable B, a comparison of the
data in Tables 2 and 3 shows that whether choice of 7', or
1. for matching with the exact solution does have a significant
effect on ®. Under these circumstances an inert injectant
calculation cannot be precisely matched with an exact nu-
merical solution, and ® will not be a reliable indicator of the
effect of gas-phase reactions.

With these sources of anomalous behavior accounted for,
our preliminary assessment of the behavior of ® as a function
of ¢, By, H,, and p, is as follows:

An increase in ¢ is most simply viewed as an increase of the
fraction of char produets in the total ablation products. The
surface temperatures associated with appreciable char-re-
moval are high and result in char products which do not fur-
ther dissociate in the boundary layer. Thus, the char prod-
ucts should have little direct effect on ®. We cannot discern
a significant trend in the data. In this context it is pertinent
to note that the chemical domain of most significance to
Apollo re-entry is located in the lower left hand quadrant of a
graph with ordinate ¢ and percent coking as abscissa. Within
the error limits imposed by the anomalous behavior just dis-
cussed, there is no discernible effect of B, on R.
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Since T, is nearly constant for the data presented, a de-
crease in H, reduces the sensible enthalpy driving force avail-
able for conductive energy transport, and heat absorption or
release due to gas-phase chemical reactions becomes relatively
more significant; ® shows a tendency to exceed unity as H.
decreases, thereby indicating that the dominant gas-phase
reactions are indeed endothermic dissociations. Referring to
the analysis of Cohen et al.,?* we suggest that, under these
circumstances, nonunity Lewis numbers strongly influence the
behavior of ®&.

The data for ® at p = 0.05 and 0.10 atm are clearly too
imprecise to yield useful information. However, the high wall
enthalpies . at these pressures indicate a high degree of dis-
sociation of the ablation products. Thus, the inert injectant
calculation should be quite reliable in this situation. There is
a definite tendency for & to exceed unity as p increases to 5
atm. This again confirms that the dominant gas-phase re-
actions are endothermic dissociations; at higher pressures
the dissociations take place at higher temperatures and are
therefore located further into the boundary layer.

Figure 3 shows concentration profiles for two situations:
top) a relatively low T, of 4537°R, where dissociation of H,O
and CO, occurs, and bottom) the more typical T, of 6131°R,
where the dominant ablation product reaction is dissociation
Of Hz.

Summary

1) The effect on surface heat transfer of gas phase chemical
reactions involving ablation products can be isolated in the
chemical energy recovery factor ®.

2) For Apollo re-entry conditions ® ~ 1, hence surface
heat transfer can be calculated accurately by assuming the
species entering the boundary layer to be inert.

3) An engineering ablation prediction procedure has been
developed; its essential element is the addition of an open-
system, surface-equilibrium chemical state computation at
selected time steps of a conventional finite-difference solution
for the in-depth response of the ablator.
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