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Thermochemical Ablation of Ceramic Heat Shields

MARVIN B! ZiIERING*
Avco Systems Division, Wilmington, Mass.

Simplified thermochemical ablation models are developed for three ceramic heat-shield materials, potentially
useful as high-performance re-entry nosetips. The models are based on phase equilibrium at the ablating surface
and on the simplified film-coefficient approach for unity Lewis-Semenov number. Limited test data from the Avco
Model 500 arc are compared with the predictions based on equilibrium thermochemistry, and discrepancies are
discussed and explained. The thermochemical models are used to compare the ablative performance of these
materials in a typical high-performance nosetip environment, and the most attractive materials, from this

standpoint, are identified.

Nomenclature

specific heat

constant defined by Eq. (35)

diameter of test specimen

= fraction of silicon vaporized

= standard molal free energy of formation of specie I at surface
temperature

= heat-transfer coeflicient based on enthalpy driving force

= heat-transfer coefficient in the absence of mass transfer

= recovery enthalpy, BTU/lbm

enthalpy of heat-shield material at surface temperature,

BTU/Ibm

= enthalpy of undissociated freestream gas at wall temperature

= enthalpy of specie I at surface temperature

= enthalpy of heat-shield material at its initial temperature

= energy absorbed by chemical reactions and phase changes at
the ablating surface per unit mass of heat shield, BTU/lbm

= molal heat of formation of specie I at surface temperature

k = thermal conductivity
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k, = thermal conductivity at surface temperature, BTU/hr ft R

K, = equilibrium constant for reaction Ri

K, = mass fraction of specie I at the wall

K;, = mass fraction of I atoms in freestream

m = mass removal rate, lbm/sec ft*

ity = production rate of specie I at the wall

M, = molecular weight of nontransferred gas

M; = formula weight of I

n = tantalum-carbon atom ratio in condensed-phase reaction
product; silicon-carbon atom ratio in equilibrium liquid
phase

np = value of n at peritectic temperature

il = silicon-carbon atom ratio in condensed-phase reaction
product

P = exponent defined by Eq. (9)

P = surface pressure, atm

P, = partial pressure of specie I at the wall

(Py); = partial pressure of specie I at the wall based on reaction Ri
equilibrium

(Psio)p= partial pressure of SiO at the wall based on complete
diffusion-limited oxidation

q = heat-transfer rate to cold inert wall, BTU/sec ft?

4. = chemical energy flux, —m AH,, BTU/sec ft?

Gew = heat-transfer rate to water-cooled calorimeter, BT U/sec ft>

da =k, T/D

dn = heat-transfer rate defined by Eq. (2)

Gx = conducted flux in heat-shield material at ablating surface

o = energy flux required to bring heat-shield material to surface
temperature, BTU/sec ft*

q, = energy flux radiated from ablating surface, BTU/sec ft?
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s = radiation from lateral surface of test specimen per unit cross-
sectional area, BTU/sec ft?
s = net heat-transfer rate to heat-shield material at ablating

surface, g, + g,
R = universal gas constant
N = surface recession rate, in./sec
t = temperature below surface of heat shield
T = surface temperature, deg R
T = melting point of TaC
T, = peritectic decomposition temperature of Ta,C or SiC R
Ts = brightness temperature, R
x = distance from ablating surface into heat shield
y = carbon-oxygen atom ratio in freestream
z = nitrogen-oxygen atom ratio in freestream
y = fraction of condensed-phase silicon oxidized to SiO,
g = surface total emissivity
g, = spectral emissivity at wavelength, 4

n = blowing coefficient based on total mass-removal rate
N = blowing coefficient of specie I
A = wavelength, u
= heat-shield density, lbm/ft3
o = Stefan-Boltzmann constant
Introduction

HE need for a re-entry vehicle nosetip combining good

resistance to mechanical erosion in clouds and rain with
acceptable ablation performance has aroused renewed interest in
various metallic and ceramic heat-shield materials and in tech-
niques for predicting their thermochemical ablative performance
in high-enthalpy air. In this paper, prediction models are derived
for a number of such materials, based on the following principal
simplifying assumptions.

1) All gaseous and condensed-phase reaction products are in
equilibrium with the solid heat-shield material at the ablating
surface. This implies that condensed-phase reaction products are
removed immediately or can sustain only very thin surface
layers.

2) The film-coefficient model developed by Lees,! based on an
effective binary gas mixture with unity Lewis-Semenov number,
is applicable. The validity of this assumption has been demon-
strated for the carbon-air system,? but it has not been
established for systems involving gaseous products with higher
molecular masses.

Given these assumptions, the normalized ablation rate, m/h,
and heat of reaction, AH,, of a single-component heat shield, at
any specified surface temperature and pressure, can be
determined as follows. Calculate the equilibrium composition of
a mixture of heat-shield material and air, containing excess
heat-shield material, at the specified temperature and pressure.
Then the normalized ablation rate, my/h, is simply the ratio of
heat-shield mass lost, by phase change and/or chemical reaction,
to mass of air entering the reaction. The heat of reaction is the
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net change in system energy (heat of formation of products less
heat of formation of reactants) per unit mass of heat shield lost.
Thus, by performing a series of chemical-equilibrium calculations
at various combinations of temperature and pressure, the
equilibrium thermochemical ablation performance of any
material can be expressed as maps of m/h and AH, vs surface
temperature and pressure, and these maps can be used as inputs
to generalized thermal-response computer programs.

This approach or its equivalent has been used by a number
of investigators in their studies of carbon®* and other materials.’
An alternate approach, previously applied to carbon and
carbon + inert systems,® specializes the equilibrium relationships
to the specific material under study and combines them with the
simplified boundary-layer transport equations to derive analytical
expressions or simple algorithms for mi/h and AH,, eliminating
the need for the pressure-temperature maps previously described.
Where it is applicable, the latter approach has a number of
significant advantages,® and it has been adopted here.

To simplify the resulting algorithms, the applicable tempera-
ture and pressure ranges are restricted, where necessary, to those
normally encountered in low-altitude (< 100,000 ft) re-entry or
in high-enthalpy plasma-arc facilities. Also, since test data have
been obtained in the Avco Model 500 arc, in which the freestream
contains significant quantities of carbon, the formulations include
the effects of freestream carbon on the material response.

Basic Relations

The assumptions of equal binary diffusion coefficients and
unity Lewis-Semenov number give rise to especially simple
relationships describing the transport of matter and energy in
chemically-reacting boundary layers on ablating bodies, in terms
of conditions in the freestream and at the gas-solid interface.
Stated most succinctly, conditions at the wall are the results of
mixing injected material at surface temperature, at the rate m,
with freestream material at recovery enthalpy, at the rate h. Since
both mass and energy are conserved in this process, the net
heat-transfer rate to the wall is simply the resulting net enthalpy
flux, i.c., the heat content of the reactants less that of the products
at wall temperature. The enthalpy of the products depends on
their chemical state, which can be estimated from phase-
equilibrium relations. Thus the heat transfer at the ablating
surface can be written as

gs=mH+hH,—(m+h) Y K, H; )
which is essentially the form derived by Lees.* Let ¢, = ¢, + 4.,
where
q'h = h(He—Hw) (2)
If H,, is defined as the enthalpy of the undissociated freestream
gas at wall temperature (carbon as CO, oxygen as CO and O,,
nitrogen as N,), then ¢, is the heat-of-formation flux,

4. = _ZrhIAHI/MI C3]
where the summation is over all species, regardless of phase, at
the ablating surface. The chemical energy per unit mass of heat
shield, AH,, is

AH, = —q./m =} (i /m)(AH, /M) )

Surface Energy Balance

The surface energy balance, including radiation and subsurface
conduction, can now be written as ,
dn+Gc = Gu+ 4, (©)
For one-dimensional steady-state ablation, §; = gy, =
m(H,— H ). In plasma-arc testing of relatively high-conductivity
materials, heat transfer from the lateral surface of the test
specimen, by radiation and/or convection, may be important. In
Appendix A, an approximate solution is obtained for the case of
side-radiation only. For this case, g, = gy +4d,,, and

s qko .. 2‘.11' vz 6?ka
rs T N + r - 4. -
4q l 3 q4a4r €Xp < 7‘?41) ) @]
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Except where otherwise indicated, calculations in this paper
are based on thermochemical data in the most recent JANAF
Tables.”

Blowing Correction

The effect of mass transfer on the heat/mass-transfer coeflicient
is conveniently expressed, for moderate blowing rates, by

hfhe = 1/(14nm/h) ®)
For foreign-gas injection, the blowing coefficient has been

correlated, for both laminar and turbulent flows,5° by ex-
pressions of the form

M1 = 1o(M,/Mp)? ©)
where 7, is the blowing coefficient for like-gas injection, and
M; and M, are the molecular weights of the transferred and
nontransferred gases, respectively. Where two or more foreign
gases are injected simultaneously, it seems reasonable to calculate
an average blowing coefficient based on the relationship
ny my= Z #; my, which, when combined with Eq. (9), gives

”m = noZmI(Mn/MI)P (10)
where the summation is over all gaseous species transferred to
and from the wall. For a reacting boundary layer of the type
considered here, this expression is still somewhat ambiguous,
since the transferred species may change their relative concen-
trations and even their. identities with distance from the wall.
Also, since there may be net transport of oxygen from the free-
stream to the wall, the identities of the transferred and non-
transferred gases may not always be obvious. To resolve these
questions, three idealizations will be adopted here:

1) Oxygen is transported toward the wall at the rate required
to form both gaseous and condensed-phase oxides. The oxygen
is transported as O, O,, and NO, in the proportions in which
they are present at the wall. For the systems considered here,
the O, concentration at the wall is negligible relative to either
O or NO.

2) Gaseous reaction products are transported away from the
wall at the rate at which they are produced at the ablating
surface. The algebraic sum of this rate and the rate of oxygen
transport, defined above, is equal to the net boundary-layer
injection rate.

3) The nontransferred gas consists of O, O,, NO, and N,, in
the proportions in which they are present at the wall. For the
heat-shield systems considered here, the nontransferred gas is
essentially pure N,.

For the usual case in which oxygen is transported to the wall
as O and NO at the rate hKq,(1— y), while the nontransferred
gas is N ,, Eq. (10) becomes

nimfn, = z riy(2Mn /M) —

~ Po/Pno+(Mo/Myo)?

hRoul1— )My Moy L/ TR0t MoMMno)”
Py/Pno+1

where the summation now includes only product species. The
equilibrium ratio Pyo/Pg is approximately

Pyo/Po = 0.00137Py "/? exp (36,000/T) (12)
Recommended values of the exponent p vary from 0.25 to

0.6,%° depending on flow regime and other considerations.
Calculations in this work are based on p = 1/3, n, = 2/3.

Silicon Nitride

In the absence of oxygen, silicon nitride decomposes at high
temperature to yield gaseous nitrogen and liquid silicon. The
equilibrium nitrogen partial pressure varies from about one atm
at 3900°R to about 200 atm at 5000°R, and surface temperatures
for high-performance nosetips will generally fall in this range. In
the presence of SizN,, the equilibrium partial pressure of free
oxygen is negligibly small, and so is that of NO. Since the vapor
pressures of silicon and silica are also very small, N, and SiO
are the only significant gaseous species at the wall (in air; when
the freestream contains carbon, CO will be present as well). In
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Fig. 1 Phase diagram for silicon-nitride ablation.

addition, Pgo must be equal to or smaller than the equilibrium
values determined from the following reactions, where it is
assumed that the mutual solubilities of Si(l), SiO,(l), and
SizN,(c) can be neglected.

SiyNa(c)==3Si(l) + 2N»(g) (R1)
SizNL(c)+3Si0,()== 6Si0(g)+ 2N(g) (R2)

A few calculations in the temperature and pressure ranges of
interest suffice to establish the form of the resulting phase
diagram, as shown in Fig. 1. Reaction R1 gives a single curve
in these coordinates; reaction R2 gives a series of curves, with
pressure as the parameter. In the region above the curves, the
reaction products are N, and SiO, and the only condensed phase
is SizN,. On the curves for reaction R2, SiO, is an additional
reaction product, and reaction R2 equilibrium is satisfied. On
the reaction R1 equilibrium curves, the additional reaction
product is liquid silicon. In the region below curves R2, reaction
R2 proceeds to the left, increasing the nitrogen partial pressure
until R2 equilibrium is restored. Below curve R1, silicon nitride
decomposes, again increasing N, partial pressure to satisfy
equilibrium. Both equilibria are satisfied at the intersections,
where all three condensed phases, Si;N,, Si, and SiO,, coexist.

The overall heat-shield/freestream reaction can be described
by the balanced chemical equation

H/S freestream

T+20-fy
—y

1Si3N, + - .

SSIO+(1-)(1—p)Si+{1— f)ySiO,+
l 2 f+2(1—f)vzl
§+Al‘—:v__u5 Nz

where f is the fraction of silicon vaporized (as SiO) and y is the
fraction of condensed-phase silicon oxidized to SiO,. The mol
fraction of SiO at the wall is

(O+yC+2N) -

Pgio/P = f (13)

y+2z/2
3+ f+[f+20-fw] 1=y
where the numerator is the coefficient of SiO in the chemical
equation, and the denominator is the sum of the coefficients of
SiO, N,, and CO. Similarly, for N,
z/2

+Lr20-fl -
Py, /P = JZ n (14)
$erelre20-0m7

-y
Equations (13) and (14) can be combined, eliminating f, to give
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31—y +yz—[3(1—»)+yQ2y+2)]Pn,/P
$+y(z—4y/3)

In the region of Fig. 1 above the equilibrium curves, where
f = 1.0, Eq. (13) becomes

PSiO/P = (15)

P
Pgolp = ———~ 16
( SxO)D 2+1+Z/2 ( )
3 1—y
Based on reaction R1 equilibrium (y = 0),
AF‘Si N,
P = __ 734 17
( Nz)l exp( SRT > (17)

and, substituting this in Eq. (15),

AF o
(Psio)y =(1—) [P~exp (Wﬂ (18)

Based on reaction R2 equilibrium (y = 1.0),
1.5AFSi02+0.5AFSi3N4—3AFSiO> 1)

PNZPSi03=K2:exp< RT
Combining this with Eq. (15) gives
(1+32/2+2y)K,/P* 3

14+32/2— y—(1+32/2— ZY)(PSiO)Z/P:I
which is readily solved for Pgg), by iteration. Since only values
equal to or less than equilibrium are permitted, the partial
pressure of SiO must be the smallest of the three possible values,

Pgo = min [(Psio)p, (Psio)s» (Psio)2] (21
Equation (13) can be solved for f,

201-y)/3+y(z+2y)
f= (22)
(1—=y)P/Pso+y(z+2y)—1—2/2
The normalized mass recession rate is the ratio of heat-shield
mass to freestream mass entering the reaction,
1—-yKo. Mg
ifh = ( YKo, SizNg 23)
f+21=1)y 3M,o

Equation (11) now becomes
2MN { (Msio>17p
= TN Douaf _
= Mg e 2My
MO>IVPP0/PN0+(M0/MN0)I’} (24)

3[f+2(1—f)Y]<27N Po/Pugt 1

(Psio)2/P =|: (20)

or, with p = 1/3,

n/n, =04 {1 +2.03f—1.03[ f+2(1—f)y]

The reaction energy, AH,, is, from Eq. (5),
AH, =[—AHg n,+3fAH50+3(1—f)y AHsi0,)/Msin,  (26)

Given the freestream conditions (composition and enthalpy),
the nonblowing heat-transfer rate, and the surface pressure, the
ablation rate can be calculated as follows:

1) Select a trial surface temperature and calculate the
equilibrium constant K, from Eq. (19).

2) Calculate (Pgio)p, (Psio)1, and (Pgo)» from Eqgs. (16), (18),
and (20). Select Pgo from Eq. (21). If Pgo = (Psio)2, ¥ = 1.0,
otherwise y = 0.

3) Calculate f from Eq. (22), m/h from Eq. (23), Py, from
Eq. (14), n from Egs. (12) and (25), h from Eq. (8), and AH,
from Eq. (26).

4) Check the surface energy balance, Eq. (6).

5) If necessary, select a new trial surface temperature and
start over. If, over a very narrow temperature range, the solution
changes from R2 equilibrium with positive energy imbalance
(Gn+ 4. > §,+ 4 to R1 equilibrium with negative imbalance, the
correct solution will be at the intersection of the equilibrium
curves (0 < y < 1). The computation then proceeds as follows:

6) Select T such that (Pgo)s = (Pgio);- Assume a value of y.
Repeat Steps 3 and 4 above, adjusting y as required until the
energy equation is satisfied.

1+0.81Pno/P
+ ~o/Po (25)
1+ Pno/Po



MAY 1975

Tantalum Carbide

The thermodynamics of tantalum-carbide ablation in air are
comparatively simple, since the only significant gaseous reaction
product at typical re-entry surface temperatures is carbon
monoxide. The stable condensed-phase reaction product is di-
tantalum carbide, Ta,C, up to its peritectic decomposition
temperature, about 6790°R.1%-!2 As its peritectic temperature,
Ta,C decomposes to yield solid tantalum carbide and a stable
liquid phase. According to the carbon-tantalum phase diagram
adopted by Hansen,'! the composition of the liquid phase can
be expressed as Ta,C, where n varies nearly linearly with
temperature from about 2.6 at the Ta,C peritectic to 1.0 at the
melting point of tantalum carbide. The overall oxidation
reaction, then, can be written as

n—1
—CO
n

n—1 1
TaC+ —0,—>-Ta,C+
2n n
where
n=2 [T<T,]
n=1+16(T,— T)/(T.— T, [T>T,]
2<n<26 [T=T,]
The normalized mass recession rate is

. (1—yn -
mfh = P Ko, Myac/Mo 27

Combining Eqgs. (11)and (27), the blowing correction is evaluated
from

7 . 2M Mco\!' 77
iﬂ=(1—y)1f<09*”[< C") -

N, h Mg |\ 2My
<MQ)17PPO/PNO+(MO/MNO)II:I (28)
2Mn Po/Pro+1
where Pno/Py is calculated from Eq. (12) and Py, from
Py, = PA1+2/z2) 29)
Setting p = 1/3,
7 ~ 140.81Pyo/P
1 gy 175-1.21 LEO8IPN0/PO) g
Mo h 14 Pno/Po

Below the Ta,C peritectic temperature, the chemical reaction
energy is

AH, = (—AHp,+05AHco+0.5AH, o)/Mtac  (31)
Enthalpy data are not available for the stable liquid phase at
higher temperatures. Assuming that Ta,C(l) has the same
enthalpy as a mechanical mixture of liquid tantalum and liquid
tantalum carbide of the same overall composition, the chemical
reaction energy in this temperature range is
—AHrp,c+[(n—1)AHco+ AHrpacq)/n

MTaC
When T = T,, AH, takes on whatever intermediate value will
satisfy the energy balance, Eq. (6),
AH, =
—nAHpc+(n—1)AHgo+ [(13—5n) AHy, o+ 5(n— 2) AHpocq)1/3

AH, = (32)

nMTaC
(33)
where 2 < n < 2.6. For Ta,C, the thermochemical data compiled
by Schick, et al'® appear to be the best available.

Silicon Carbide

At a temperature somewhat higher than 5000°R, pure silicon
carbide undergoes peritectic decomposition, yielding an
equilibrium mixture of graphite and a liquid phase of fixed but
uncertain composition, Si, C. Both the peritectic temperature
and the silicon-carbon ratio, n, are rather ill-defined, with
reported values ranging from 5000 to 5600°R and from 2.7 to
4.3, respectively.'> When oxidized in air at lower temperatures,
only the liquid phase will be present (along with the. gaseous
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reaction products), with higher, but equally uncertain values of
n. In view of these uncertainties, a highly sophisticated model
of the ablation process does not appear to be warranted.
Therefore, the formulation presented here will be strictly
applicable only at, or slightly below, the peritectic decomposition
temperature. Currently available data suggest that steady-state
surface temperature will always be close to T, in both the
Model 500 arc and the more severe nosetip re-entry environment.

At this temperature level, the significant gaseous ablation
products are Si, Siy, SiC,, Si,C, SiO, and CO. The condensed-
phase species participating in the surface equilibrium are SiC,
liquid Si,C, and, at the peritectic temperature only, solid
carbon. The partial free energy of formation of silicon in the
liquid phase is, for an ideal solution,

n
n+1

Assuming that the partial free energy of mixing is independent
of temperature and proportional to the square of the carbon mol
fraction,

AFgq =RTIn

(34

AFgy=RTIn n‘:}] + Clnt1? (35)

At the peritectic temperature, AFgq, = AFgc, and the constant C
can be evaluated,
np

+1J(n,,+ 1) (36)

The partial pressures of the gaseous products at the wall can
be formulated by consideration of the mutually independent
chemical reactions,

C= [(AFSiC)Tp— RT,In

Si(l)= Si(g) (R3)
2Si()== Sis(g) (R4)
2SiC(c)== Si(1)+ SiC,(g) (R5)
SiC(c)+ Si(h)== $1,C(g) (R6)
2Si(l)+ CO(g)== SiC(c)+ SiO(g) (R7)
for which the equilibrium relations are, respectively,
A‘FSi(l) - AIISi
Pg = —— 37
s exp( h &y
2AFgq— AFg '
Pg, = exp (%ﬁ) (38)
2 AFgc— AFgq,— AFg;
PsiC2 =exp ( SiC R;ﬂ) SC2> (39)
AFgc + AFgq,— AFy,
Pgc= CXP< e RS 7(1) & E) (40)
2 AFgqy— AFgc + AFco— AFg;
Po/Peo = K1 = exp ( sen e Ao S“’) @

The nitrogen-oxygen ratio at the wall is equal to that in the
freestream,

PNZ/(PSiO+PCO) =2z/2 42)
and the static pressure is the sum of the partial pressures,
P=YP “3)

The last three equations are readily solved for Py, Pso, and
PCO’
_ P—Psi*PSiZ*PSicz_PsiZC

P 44

N, 142z 44
2Py

Peo = —7—2— 45

co 21+ K-) (45)

Pgo = K1Pco (46)

The normalized production rate of any reaction product,
m/h, is equal to its mass concentration at the wall relative to
that of air (however transformed chemically),

P I M I I’ZOe/ M (8}

i /h = — 1 =S8ij, Si,, SiC,, Si,C, SiO 47
i/ Peo+t Pso [ 1, Ol 3, OIL 5, Ol 0] (47)
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Table 1 Data for ceramic composites in model 500 arc

Material Run Reinforcement HS K, Gew Ts(A) Sexp gr p k,
Si.N 1601 2-D moly wires 9270 0.042 990 4260 (0.65) 0.0082 110 190 4.0
13N 1609 2-D BN filaments 8260 0.029 1010 4040 (0.8) 0.0079 98 190 4.0
4300 (0.65)
TaC 1603 W honeycomb 8630 0.033 990 5450 (0.65) 0.0068 162 810 26
a
1611 3-D carbon rods 9210 0.040 1010 5000 (0.8) 0.0055 170 810 26
5250 (0.65)
1602 2-D carbon rods 9540 0.047 1020 : 0.0062 141 175 3.0
sic 1604 2-D carbon rods 8840 0.035 960 0.0062 131 175 3.0
i
1608 2-D carbon rods 8730 0.034 1020 4700 (0.8) 0.0043 150 190 30
5000 (0.65)
1610 3-D carbon rods 9160 0.040 1000 4730 (0.8) 0.0044 140 190 30
4800 (0.65)
“ Relative to elements at absolute zero.
For CO, however, allowance must be made for the presence of Experimental Data

carbon in the freestream,

Peo -
eo/h = =% RooMeo/M. 48
Hico/ ( Peo+Pso )’) 0eMco/Mo (48)
For p = 1/3, Eq. (11) becomes
nl% = titgo/h+ g [h+0.79%1g;_[h+
0.81rig;c ,/h+0.74r; o /h +0.86m150/h—
. 14+0.81Pyo/P
121K (1—y) 1+081Pro/Po (49)
1+ Pno/Po

where Pyo/Po can be evaluated from Eq. (12). The chemical
energy flux, 4., can be calculated from Eq. (4). Neglecting the
heat of solution of carbon in liquid silicon,

q’c=n.1AHSiC/MSiC_ZmIAHI/MI (50)
where the summation is over all gaseous ablation products. The
recession rate, m, is determined by solving the energy balance,
Eq. (6).

The ratio of silicon atoms to carbon atoms in the condensed-

phase product is
mo Fig; + g, , _ Msic, 2nig; ¢ B Higio
Mgic Mg Mgc, Mg,c Mgo
n= . - - - (51)
m__ 2hsc,  Msic  Mico
MSiC MSiC2 MSiZC MCO
If the surface temperature is equal to the peritectic temperature,
n must be equal to or less than n, the value for the equilibrium
liquid phase. For lower temperatures, 7# = n. The calculations
can proceed as follows:

1) Assume T = T,,.

2) Calculate partial pressures of all gaseous species and all
iy fh. Correct h, for blowing, and calculate all ;.

3) Solve surface energy balance for s and calculate n.

4) If i < n,, solution is complete. If 7> n,, select a lower
surface temperature. '

5) Repeat Steps 2 and 3, varying surface temperature, until
i~ n(T).

Elliott'? presents two possible phase diagrams for the carbon-
silicon system. One of these, with a peritectic temperature of
about 5060°R and a liquid-phase silicon-carbon ratio of 2.7, leads
to ablation-rate predictions substantially greater than the
measured values. The other, with T, = 5585+ 72°R and n, = 4.3,
is consistent with recession measurements. Calculations in this
paper are based on T, = 5544°R. Below the peritectic tempera-
ture, the liquid-phase composition is approximately

n =43 exp [(T,— T)/210] (52)

The principal source of experimental data for ceramic
materials is a recent series of laminar-splash tests in the Avco
Model 500 Arc.'? This facility produces a high-enthalpy subsonic
jet which exhausts directly into the laboratory from a 0.5-in.-
diam exit nozzle. The jet enthalpy is estimated from a steady-
state energy balance on the arc generator. Oxidation of the
carbon cathode injects a significant quantity of carbon into the
jet, reducing the available oxygen content as well as the effective
enthalpy. The actual carbon content at the centerline of the jet
is estimated from direct measurements under arc conditions
similar to those used here. All specimens were 3/4-in.-diam
flat-faced cylinders of reinforced ceramic material, mounted in
an insulated brass holder and positioned one inch downstream
of the nozzle exit plane. The heating rates were experimentally
measured by a calibrated flat-faced water-cooled calorimeter
prior to each test run. Surface brightness temperatures and total
radiation were recorded from Thermodot (0.8 u) and IDL
(0.65 p) pyrometers and an Eppley thermopile. Surface-recession
data were obtained from silhouette photographs, using a 35-mm
profile camera at one frame per second. In all cases, recession
was quite uniform over the heated face. Most runs were about
30 sec long, and the recession rate was essentially constant for
at least the last 10 sec of each run.

Since the jet is smaller in diameter than the test specimens,
convective heating on the lateral surfaces is very small. Side
radiation may be significant, however, especially when the
specimen thermal conductivity is large, and the surface energy
balance is modified accordingly, using the expression for side-
radiation flux derived in Appendix A.

Test conditions and experimental data are shown in Table 1,
along with the estimated physical properties used for data
reduction. Stagnation pressure was 1.13 atm for all runs. A
variety of reinforcements were used in fabricating the test
specimens ; ablation-rate predictions, however, are based on pure
heat-shield material in each case. The calculations, based on the
models presented here, are summarized in Table 2, which gives
the calculated blowing reduction, surface temperature, and
surface energy-balance terms, along with the ratio of calculated
to experimental recession and the surface emissivities. The latter
are calculated from the predicted surface temperature and the
experimental radiometric data.

For silicon nitride, the predicted surface temperatures are
well below the measured brightness temperatures, and the
derived total emissivities are close to one, suggesting that the
predicted temperatures are much too low. In spite of this, the
recession-rate predictions are quite good. The most likely reason
for the discrepancy in temperature is the existence of large
nonequilibrium effects at the ablating surface. For example, the
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Table 2 Model 500 Arc data reduction
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Material Run T(R) hih, 4e dro Grs $/Sexp e €0.65 £0.8
SN 1601 3850 0.60 —269 103 26 0.87 1.05 27
1
3T 1609 3850 0.60 -276 114 26 1.01 0.93 29 L5
TaC 1603 7080 093 — 64 220 237 0.89 0.14 0.20
al
1611 7130 0.93 ~61 212 261 1.06 0.14 0.14 0.15
1602 5540 0.71 —259 143 31 1.06 0.31
sic 1604 5540 0.71 242 125 30 0.91 0.29
- 1608 5540 0.71 —251 123 37 1.18 0.33 0.46 0.35
1610 5540 0.71 250 130 36 1.24 0.31 0.33 0.37

liquid-silicon layer may be thick enough to give a surface
temperature well in excess of the solid-liquid interface tempera-
ture; or the silicon nitride may decompose too slowly at near-
equilibrium conditions, thus requiring substantial superheat to
attain the rates involved in these tests. Additional data, over a
range of test environments, will be required to resolve these
uncertainties. Meanwhile, the success of the model in predicting
recession rates suggests that it can be used for this purpose,
with reasonable confidence, even at conditions somewhat
removed from those in the Model 500 facility.

The recession predictions of the tantalum-carbide model are
also quite good, with less than 109 disagreement for both tests.
The derived total and spectral emissivities seem low, but may
not be unreasonable for a thin layer of liquid (with the approxi-
mate composition Ta,C in both cases) over solid TaC. In any
case, there are no emissivity data available for comparison, and
the consistency of these results is encouraging. The importance
of side radiation in these tests is noteworthy; well over one
third of the net convective heating is radiated from the lateral
surface of the specimen, more than is required to heat the
material to surface temperature.

The silicon-carbide results are also quite good, although the
predicted recession rates are slightly high, on the average.
Agreement between predicted and measured recession rates can
be improved by assuming a slightly larger value for the SiC
peritectic decomposition temperature. For example, increasing
T, only nine degrees changes $/$.,, for Run 1610 from 1.24 to
1.16, with comparable changes for the other runs. This sensitivity
to temperature arises largely from its effect on the vaporization
rates of Si, SiC,, and Si,C. Thus, at higher pressures, where
these species are less important, the ablation rate is much less
sensitive to peritectic temperature.

Re-Entry Performance

Based on the models derived here, the thermochemical
ablative response of these materials has been calculated for a
typical high-performance re-entry nosetip environment, and the
results are summarized in Table 3. Also shown are comparable

Table 3 Re-entry performance”

Material Si3Ny TaC SiC w
o 190 850 190 1200
hih, 0.58 0.90 0.89 0.88
T 4730 7250 5540 6620
] 1.13 7.06 225 17.1
N 0.071 0.100 0.142 0.171
n(H,~H.) 2600 80 310 43
AH, 2100 150 970 20
H~H, 1200 560 1500 280
G,/ 210 26 62 16
P=100 H,=8000 4= 8000.

data for tungsten, a leading metallic candidate material. All
calculations are based on one-dimensional steady-state response,
with no allowances for heating enhancement by roughness or
other special effects. The assumed densities, shown in the table,
are 95% of theoretical for the ceramic materials, and 1009 for
tungsten. Also shown in the table are the blowing correction
factor, h/h,, the surface temperature, the mass-loss and surface-
recession rates, m and $, and the energies “absorbed” per unit
mass of heat shield by blowing, #(H,— H,,), by chemical reactions
and phase changes at the heated surface, AH,, by heating of the
heat-shield material to surface temperature, H.— H, and by
radiation, §,/m.

Silicon nitride is clearly the best performer in this environment
and tungsten the poorest, with silicon carbide and tantalum
carbide somewhere between them, depending on whether mass
loss or surface recession is the more important variable. The
superiority of silicon nitride is largely the result of its large
blowing correction, although surface reactions also absorb
energy quite effectively. Tungsten is the poorest energy absorber,
per unit mass, by every mechanism. It is interesting, also, to note
the reversal in relative ranking among the ceramics, based on
surface recession, in high-pressure and low-pressure environ-
ments. In the Model 500 Arc (Table 1), silicon carbide had the
lowest § and silicon nitride the highest, under comparable
conditions. At high pressures, the silicon-carbide surface
temperature is still limited to T, but vaporization of Si, Si,, SiC,,
and Si,C is suppressed, decreasing specific energy absorption
both by blowing and surface reactions. Silicon nitride has no
such upper limit on surface temperature, and the equilibrium
partial pressures of its gaseous ablation products tend to increase
proporiionately at high surface pressures.

Appendix A: Effect of Side Radiation on
Steady-State Energy Balance

Consider a circular-cylindrical ablating body, uniformly
heated on one end (x = 0) and subject to radiative cooling from
bothits heated and lateral surfaces. A steady-state energy balance
over a differential element leads to the equation

dkdt+' t 4 e sot’D\*
—k—+mc,—=—¢0 -

dx  dx Pdx D 8k,

where the factor in parentheses is an approximate correction to
account for radial temperaturegradients. An approximate integral
solution to the equation is readily obtained, based on the
assumed temperature distribution t= Te ™. Integrating

between the limits x = 0 and x = oo, the differential equation
becomes

4 © t3D 4
koT—rh(Hs—Hw)=%J‘ t4<1—80 >dx-

5 4] 8k0
Completing the integration,
k,T . 40 28 3¢ & &
- it = Ho) = eoT E<1_ 7780 416 T 16384
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where ¢ = eaT>D/k,. For & less than about six, this is closely
approximated by

k, T
o

where the right-hand side is the total side radiation flux, g,,.
Solving for ¢ and substituting the result in the right-hand side

gives
. 2 . 1/2 o
. ko .. 2qr ko
rs — = + r €X - A7, - A
4 [( 2 > dadr 3P < 7‘14) :l 2

where ¢, = m(Hs— H), g4 =k, T/D, and ¢, = ea T*.

o
—m{H—H,) = 80T4Be*25/7
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Vectored Injection into Laminar Boundary Layers
with Heat Transfer

G. R. INGER* AND T. F. SWEANT
Virginia Polytechnic Institute and State University, Blacksburg, V a.

A basic theoretical investigation of self-similar isobaric laminar two-dimensional or axisymmetric boundary-
layer flows is presented for a wide range of normal and tangential surface mass transfer velocities (“vectored”
injection and suction) in the presence of heat transfer. Vanishingly-small skin friction conditions pertaining to
incipient separation are included. A new set of double-valued solutions pertaining to the case of small-to-moderate
upstream vectoring is identified and studied. Also, the frictional heating associated with vectoring is shown to have
a significant effect on the heat transfer and recovery factor for high-speed flows. Detailed results are presented
for skin friction, velocity and enthalpy profiles, and momentum, and displacement thickness integral properties.
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Nomenclature
C, = constant pressure specific heat
f» = normal injection parameter
fw = tangential injection parameter
gw = surface total enthalpy ratio

h, H = static and total enthalpy, respectively (H = h+u?/2)
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Iy _Jm (g—f"dn
I =r(g —f"*)dn

I, ij’(l—f’)dn

M = Mach number

Pr = Prandtl number

4. = surface heat transfer rate

rp = body radius

Re, = Reynolds number, p, u, x/u,

T = static temperature
u,v = velocity components in x, y coordinate directions
x,y = streamwise and normal physical coordinates

Z = recovery factor parameter (Eq. 12)

Y ratio of specific heats

& boundary-layer thickness

0% = boundary-layer displacement thickness

e =0,1for 2— D and axisymetric flow, respectively
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