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Fig. 2 Experimental results.

credible when applied to regions near the base of the jet where
stagnation conditions are to be expected. By defining a
pressure weighting function, it was found that the results of
the analysis were insensitive to the assumption that mainstream
static pressure acts at all points along the jet face. In retro-
spect, this result could be expected since, for large jet pene-
trations, the throttling effect reduces mainstream velocities
near the point of injection to values that lead to small differ-
ences between static and stagnation pressures.

Application of mass continuity in the mainstream allows an
exchange of the mainstream Mach number, M, for the height
y in Eq. (3) (see Ref. 1 for details). The result is

c^^f1 ^A/) A(W (l Ky+*)/2^ \gf
d Pj Lmo ^ } A(Mmo) \M 1 + [(y - D/21M2/

(4)

where ?r(M) and A(M) are the familiar Mach number functions
for pressure ratio (pm/Pm) and area ratio (A/A*) in locally
isentropic flow. With specified values for C(Bld)(Pm/Pj),
Eq. (4) is easily solved for Mmo.

The throttling effect of the jet is given by

mm/mr = l/A(Mmo) and mj/mr = (d/B)Pj/Pm (5)

Data were obtained1 for values of d/B in the range 0.02
to 0.08 and for PjfPm from 2 to 20. The experiments utilized
air flows under conditions such that the jet was sonic at injection
Results for a = 0° and 15° are shown in Fig. 2. The analysis
accurately predicts the measured flow rates for conditions in
which the mainstream is reduced to approximately 40% of
its unthrottled value. For conditions of upstream injection,
the agreement with experiment should be given only qualitative
credence since in the experiments the actual angle of injection
was difficult to determine. The deviation of theory from
experiment at very large injection rates is thought to be due
mainly to the neglect of viscous effects.
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Turbulent Interference Heating on
Several Small Fin Configurations
HUGH W. COLEMAN* AND E. CLARK LEMMON*

Sandia Laboratories, Livermore, Calif.

Nomenclature
Q = heating rate
M = Mach number
Re = Reynolds number
Subscripts
c = conditions on the cone at the fin station
e = boundary-layer edge at the fin station
x = surface distance on the cone
LE = conditions on the stagnation line of the fin leading edge

Introduction

WHEN aerodynamic control fins are used on high velocity
vehicles, regions of increased heating occur on the

vehicle surface in the vicinity of the fin and also on the body
of the fin itself. The flowfield in such regions is complex and
does not yield itself to a straightforward analytical description.
It is therefore necessary to investigate this type of problem
experimentally. This Note presents turbulent heating dis-
tributions measured in the interference region on and around
several small, highly-swept fin configurations mounted on a
cone.

Test Program

The tests were conducted in the LTV Aerospace Corp.—
Vought Aeronautics Div. High Speed Wind Tunnel over a
range of freestream Mach numbers from 2.71 to 4.97 and
freestream Reynolds numbers from 1.1 to 2.8 x 107/ft The
3-in. long fins were mounted on the aft end of a 6° half-angle,
10-in. base diameter cone. Two noses were used, one sharp
and one 40% blunt, to vary local flow conditions on the fins.
Boundary-layer thicknesses were about one-third the fin height
and no evidence of separation was observed. Heat-transfer
data were obtained on the fins and in the interference region
on the cone using the transient thin skin technique. A com-
plete description of the test program and results is given in
Refs. 1 and 2. The results for the fin leading edge stagnation
line were analyzed and discussed in Ref. 3.

Results

The experimental heat-transfer distributions around the
leading edge and along the side of several 60° swept, cylindrical
leading edge fins are shown in Fig. 1. The data represent a
range of local Mach numbers, Mc, from 2.13 to 4.71 and local
Reynolds numbers, Rex, from 1.4 to 11.0 x 107. The heating
rate decreases around the leading edge to about 40%-60%
of the stagnation line value at the tangency point and decreases
further to about 20% -45% along the fin side. A comparison
of these data with the prediction obtained using the expression
of Beckwith and Gallagher4 for the turbulent circumferential
heating for a 60° swept cylinder in a freestream with a Mach
number range from 4.71 to 2.13 is given in Fig. 1. The
comparison indicates that the data on the fin face forward
of the tangency point generally lie above the prediction range.
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Fig. 1 Heating distribution around the leading edge and along the
side of cylindrically faced fins.

The effect of leading edge geometry is shown in Fig. 2,
where the heating distribution on a 60° swept fin with a flat
leading edge and rounded corners is presented. The data are
for the same Mach number range as above and Rex from
1.5 to 7.2 x 107. Comparison of these data with those of
Fig. 1 shows a slightly different distribution around to the
tangency point, with the heating levels on the fin sides
approximately the same.

The heating distribution in the corner region formed by the
intersection of the fin side and the cone surface was also
determined for the configuration of Fig. 1. Figure 3 shows
the heat-transfer data from this region nondimensionalized by
the undisturbed cone heating at the fin station. The heating
on the cone surface decreases away from the corner. In the
immediate region of the corner the heating on the fin side is
less than that in the corresponding area on the cone. The
maximum heating observed in the corner region was about
2| times the undisturbed cone value.

Figure 4 presents data on an entirely different configuration,
a split fin with a stationary forward section and a movable
aft section. Heating data were obtained with the aft section
at 0° and 15° cant and are shown normalized by undisturbed
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Fig. 2 Heating distribution around the leading edge and along the
side of a flat faced fin.

Fig. 4 Heating distribution on a split fin configuration for 0°
and 15° cant.
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cone heating for convenience. The cylindrical front portion
of the movable section experiences quite severe heating at the
15° cant position due to reattachment of the flow off the for-
ward section of the fin. Values up to seven times cone heating
were measured. The heating along the windward side of the
canted aft section increases along its length to a maximum of
three and a half to four times the uncanted value. This value
exhibits only a very weak dependence on flow conditions.
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Modeling Sublimation of a Charring
Ablator

JOHN F. BALHOFF* AND RALPH W. PIKE|
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Baton Rouge, La.

Nomenclature
A = area
Ci = mass fraction of species i
Jj_ — diffusive mass flux
M = average molecular weight
MI = molecular weight of species /
mt = mass flux of species i
P = pressure
Pvap = vapor pressure
R = gas constant
T = absolute temperature
v = velocity
oct = accommodation coefficient of species i
ojt = reaction rate of species /
p = density
e = porosity

Introduction

THE determination of the sublimation rate of carbon for
a char forming ablative heat shield is necessary to fully

describe the material response to aerodynamic heating. This
sublimation rate is required in the surface mass and energy
balances which give the interaction of the flowfield and the
ablator.

The sublimation model that is used in this analysis and
compared to other investigators is based on the Hertz-
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Knudsen equation. The basic equation originally given by
Hertz in 18821 relates in the mass of molecules striking a unit
area per unit time to the pressure and temperature of the gas.
The theoretical model is shown to compare quite favorably
with arcjet experimental data and demonstrates its usefulness
by its accuracy and simplicity.

Model Description

For nonequilibrium such as the case where the subliming
material is continually removed, the net rate of evaporation is
given by the well-known Hertz-Knudsen equation2

m = oc(Ar/A)(M/27TRT)\P^p - P) (1)
The preceding equation can be extended for vaporization of

a solid into a mixture of gases by replacing the total pressure,
P, with partial pressure of the vaporizing component, PI

a,(l -e)(Mt/2irRT)*(Pt,m - P,) (2)
For subliming carbon i refers to C1? C2, and C3 vapor. The
effective area ratio Ar/A is approximated by (1 —e) where
e is the char porosity.

Carbon Species

Studies3 have shown that the three primary constituents of
subliming carbon are d, C2, and C3. These species have
Arrhenius dependence of vapor pressure on temperature of
the form log P, = at + bt/T. The accommodation coefficients,
af, along with the Arrhenius vapor coefficients4 are given in
Table 1.

Surface mass balance

The general species mass balance at the surface of the ablator
includes convective flux to and away from the surface (pvCt),
diffusive flux to and away from the surface (/*), and surface
generation by chemical reaction (o>f). The species mass
balance is stated as follows:

pvCr -f- cot +/f = -f Jt
 H

(3)

In the region where the rate of sublimation is significant,
surface chemical reactions and diffusion will not be important,
and this is the case for the high heating rates encountered
during manned return from planetary missions. The result is
a porous char vaporizing into the gaseous species Ci, C2, and
C3. Also flowing through this porous matrix is the pyrolysis
gas from the decomposition zone of the ablator. In Ref. 5
there was an error in the nitrogen composition of the pyrolysis
gas from a phenolic-nylon ablator, and correct values are
reported in Table 2. Also reported in Table 2 is a typical
composition of the pyrolysis gases at the ablator surface
computed from a nonequilibrium char zone analysis described
in Ref. 6, an extension of the work of Ref. 7. The analysis
considers the pyrolysis gas from the decomposition zone
flowing through the char zone and reacting at a finite rate.

Combining the Hertz-Knudsen equation, Eq. (2), with the
surface mass balance for these previously described conditions
for i being Ci, C2, or C3, the mass flux of these gaseous
carbon species injected into the shock layer is given by

pod + = a,(l -6)(M,/2ir*r)*OPi.T.p-Pi+) (4)

Table 1 Accommodation coefficients and Arrhenius coefficients for
vapor pressure of Ci, C2, and C3 (Ref. 4)

Accommodation log Pf, vap = at — bt x

Species coefficient, oct at bt

c,
C2
C3

0.37
0.34
0.08

8.14
9.69
9.81

3.72
4.23
4.03


