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Structure of the Laminar Ablating Air-Teflon Boundary Layer

R. A. GreenBERG,* N. H. Kemp,T anp K. L. Wrav{
Avco Everett Research Laboratory, Everett, Mass.

Radiation profiles in an ablating flat plate air-Teflon laminar boundary layer have been
studied both experimentally and theoretically. The experiments were conducted in a one
atmosphere, 3000-6000°K, subsonic freestream produced by an arc jet. Spatially resolved
radiation profiles within the boundary layer were obtained in both the visible and infrared.
The major radiation in the visible and near ultraviolet wavelengths was the CN violet. In
the infrared, the major radiators were CO, CO;, NO, and COF.. The theory which was de-
veloped to predict the structure included coupling of the heat and mass transfer at the Teflon
surface. A partial equilibrium model for the Teflon-air chemistry was utilized, which does
not allow the formation of CF; and CF; within the boundary layer. For the selected wave-
lengths in the infrared the theory generally predicted quite well both the spatial location and
magnitude of the peak radiation, and also predicted the integrated radiation across the layer
to within a factor of two. For the selected wavelength in the visible, the radiation intensity,
which comes from CN, is much larger than predicted, indicating that CN is not in thermo-

dynamic equilibrium,

Nomenclature
a,b = constants
C = total mass fraction
C = nucleus mass fraction in gas
f = stream function
¢ = dimensionless enthalpy
h = static enthalpy
H = stagnation enthalpy
I = radiation intensity
¢ = heat-transfer rate
T = temperature
uw = « component of velocity
v = y component of velocity
r = distance along surface
y = distance normal to surface
7 = Howarth-Dorodnitsyn similarity variable
p = viscosity
¢ = Howarth-Dorodnitsyn streamwise variable
p = density
Subscripts
A = ablation products
e = freestream conditions
7 = nucleus
s0 = solid cold Teflon
w = wall
0 = leading edge conditions

1. Introduction

BLATING materials are used extensively to protect
hypersonic vehicles from the effects of aerodynamic
heating during atmospheric flight. The rate of ablation is
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generally predicted using boundary-layer theory, which re-
quires solution of the boundary-layer equations. While
the predictions of ablation rates are generally in agreement
with measurements, no detailed measurements have been

"made of the structure of the ablating boundary layer itself

which could confirm the basic assumptions of the theory.
Measurements of velocity or enthalpy are difficult because of
the small dimensions of the ablating boundary layer in avail-
able high-temperature facilities, and the extremely high
temperatures involved. Mor important, polymer or plastic
ablators generally react chemically with the high-tempera-
ture air, forming new compounds, and alter the temperature
and veloeity profile; at present there are no measurements
of the chemical composition or chemical processes either.
However, radiation is emitted from the high-temperature
species in the boundary layer. This radiation is of interest
sinee it can be used as a diagnostic tool to yield information
on the chemical composition and processes which take place
within the boundary layer. The work described here is
an experimental and theoretical study of an ablating air-
Teflon boundary layer, using spatially resolved radiation at
selected wavelengths as the prineiple diagnostic tool.

The ablating boundary layer was obtained experimentally
by passing a subsonic stream of hot air from an are jet over
a flat Teflon plate placed parallel to the stream. The
equilibrium temperature of the air was varied from 3000 to
6000°K at one atmosphere pressure. The resulting boundary
layer has a hot, subsonic outer edge and a steadily decreasing
enthalpy toward the cooler wall. A quantitative discussion
of the utility of the present arc jet experiments with respect
to flight conditions is given in Ref. 1.

The unique feature of the experiments presented here is the
high degree of spatial resolution attained within the boundary
layer, which is about 3 mm thick. In the visible region,
calibrated spectral plates were used to obtain resolutions of
about one-twentieth of the boundary-layer thickness. The
infrared data was obtained with a scanning slit coupled to an
IR monochromator, which permits spatial resolution of about
one-sixth the boundary-layer thickness. Wavelength scans
were used to provide information on the radiating species
within the boundary layer.

The prediction of radiation profiles provides a very stringent
test of a boundary-layer theory since the prediction of the
radiation from a point in the boundary layer requires accu-
rate knowledge of the gas composition, temperature, and radi-
ation intensity per particle; however, the concentrations
of the radiating species vary by orders of magnitude across
the layer, while the radiation intensity per particle is usually
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Fig. 1 Sketch of experimental configuration.

strongly temperature dependent. For example, the visible
radiation in a high-temperature (~6000°K) air-Teflon
boundary layer is primarily due to CN radiation. However,
the CN peak concentration is about 10—® of the next more
populous radiator in the boundary layer.

The theory employed is the simplest which could be de-
vised that contains the relevant chemistry. The laminar
boundary-layer equations are coupled to the Teflon surface
through heat and mass balances, using a constant ablation
temperature for Teflon. Chemical nonequilibrium effects
are taken into account by a partial-equilibrium chemistry
model, which does not allow the formation of CF; and CF,.
The transport properties of all elements are taken equal, and
all Lewis and Prandtl numbers are taken as unity. The
presence of a cooled boundary layer on the nozzle upstream
of the Teflon plate is taken into account by use of a non-
similar eomputational procedure.

A discussion of the methods which were used to obtain the
radiation measurements is presented in Sec. 2. There we
also discuss measurements which determine the spatial
uniformity of the are freestream and justify the assumption
of thermochemical equilibrium. Also, radiation measure-
ments from a pure air boundary layer are compared with a
simple boundary-layer theory. Section 3 presents the non-
similar boundary-layer theory which was used to predict
the characteristics of the ablating boundary layer, while
Sec. 4 contains a comparison of theory and experiment.
Finally, some concluding remarks are presented in Sec. 5.

2. Experimental Methods and Measurements
of Air Radiation

Techniques

The design and operation of the arc facility used in the ex-
periments has been described in some detail in Refs. 1-3.
The are generates air at temperatures between 3000 and
6000°K at a pressure of one atmosphere, using about 300 kw
of power. Flow velocities are approximately 10° cm/sec.
The stagnation enthalpy of the heated gas is determined by
an energy balance, i.e., by measuring the power supplied to
the are, the power lost to the cooling water, and the flow rates
of nitrogen and oxygen. If thermochemical equilibrium is
assumed, the gas temperature can be computed; this assump-
tion will be discussed further below.

Figure 1 shows schematically the arc jet and the opt.cal
configuration used for observations of the Teflon boundary
layer. The external optical system, which had unit magnifi-
cation, consisted of two 45° mirrors, a 24-in. focal length
spherical mirror and an aperture which served as a limiting
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stop. Visible spectra were obtained with a Hilger /10
prism spectrograph and a Bausch and Lomb grating mono-
chromator. With a 4 in. aperture, the spatial resolution is
0.13 mm.

For the IR measurements a Perkin-Elmer Model #98
monochromator was used as a dispersion instrument. The
radiation from the arc was chopped at about 1000 cps just
before entering this instrument (see Fig. 1). The dispersed
radiation exiting from the instrument was detected with a
liquid nitrogen cooled indium antimonide cell which is sensi-
tive from about 1 to 5.5u. The detector signal was passed
through a 50 cycle band pass filter centered at the chopping
frequency before being recorded on an oscilloscope. The
electronics were such that the sensitivity of the system was
limited by cell noise. The IR monochromator had equal
entrance and exit slits which, of course, yielded a triangular
wavelength resolution funection. The theoretical half width,
AM, of this resolution function for calcium fluoride opties
which were used here has been given by Streiff and Ferriso.*
Experimental verification of the theoretical resolution func-
tion was carried out using several atomic lines in the IR.
The wavelength calibration of the instrument was obtained
between 1 and 5.5u by using numerous IR standard absorp-
tion bands. Absolute intensity calibration of the entire
optical system and detector was accomplished by employing
a blackbody source at 500°C.

To obtain spatia! resolution in the IR a horizontal scanning
slit was placed in front of the entrance slit to the mono-
chromator. The slit was motor driven in a vertical direction
as indicated in Fig. 1. The slit was imaged at the vertical
plane of symmetry of the arc. In general, the width of this
scanning shit was set at 0.25 mm, which was equal to the
resolution of the external optical system. The slit was
scanned at a velocity of 5 mm/sec, which was compatible
with the 50 cycle band pass electronic filter described above.
Boundary layers are about 3 mm thick at a station 15 mm
downstream from the leading edge of the Teflon block, where
most of the measurements were carried out. The result of
the geometry of the external optical system and the scanning
slit is to produce a net spatial resolution of 0.5 mm in the IR,
which is one-sixth of a typical boundary-layer thickness.

For the ablating boundary layer, the radiation intensity
was measured at the following wavelengths: 3869 £ 33 A,
2.48 £ 0.18y, and 2.90 == 0.244.

Air Radiation Measurements

To check the thermochemical equilibrium assumption and
to determine spatial and temporal flow uniformity in the gas,
a number of experiments were performed on the freestream.
The radiating species were identified and their uniformity
across the stream determined by taking spectral plates.
Also, quantitative spectral intensity measurements in
fixed band passes in both the visible and infrared were com-
pared with theoretical predictions.

Measurements of the absolute intensity in the freestream
were made using a calibrated photomultiplier and the mono-
chromator and the external optical system described above.
The band pass chosen to make these measurements was 3869
+ 33 A, since this encompasses the Ay = 0 sequence of the
CN (violet) system, a dominant radiator in the ablating
Teflon boundary layer to be discussed below.

The results of these radiation measurements are shown in
Fig. 2, along with theoretical calculations which assume the
arc heated gas is in thermochemical equilibrium. These
results show that the freestream radiation in the temperature
range 3500-6000°K can be predicted accurately by equilib-
rium caleulations. For temperatures below 3500°K the
theoretical calculations begin to fall below the measured
radiation and spectral plates indicate that the gas begins to
develop a hot central core. Measured temporal fluctuations
in the emission from the hot gas corresponded to temperature
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fluctuations of about 3=200°K averaged along the optical
path perpendicular to the stream. The frequency com-
ponents of these fluctuations are in the range 20-100 KC.
Further measurements were made of the freestream air
radiation in the vieinity of 5.3y, the wavelength of the NO
fundamental vibration-rotation band.®? Both spectral scans
and integrated absolute intensity measurements showed
excellent agreement with theoretical predictions.

To test our ability to resolve spatially a thin boundary
layer, we studied the nonablating boundary layer at the exit
plane of the arc nozzle. The Teflon sample shown in Fig. 1
was replaced by a copper plate, and the NO radiation at
5.15u was observed. Two theories were compared with the
experiments, one included a full variable fluid properties
boundary-layer solution for nonequilibrium air, the other em-
ployed some of the simplifying assumptions used in the
ablating boundary-layer theory; thermochemical equilib-
rium, constant density-viscosity product and unit Prandtl
and Lewis numbers. For the latter theory, the momentum
equation reduces to the Blasius equation; and since the wall
temperature is constant, the solution to the energy equation
is given by the Crocco integral.

The radiation per particle in the 5.15 % 0.18u band pass
is given. in Fig. 3, and a comparison of the simple and the
full nonequil brium theories with experiment is shown in
Fig. 4. The length of the boundary-layer run was taken as
6.25 cm, the length of constant area portion of the noazzle.
The external velocity was 10° em/sec, and the wall tem-
perature was 500°K.  Considering the uncertainty in the
experimental y location of about 0.1 mm, the agreement
between either theory and the experiment seems to be ex-
cellent. The effects of any chemical nonequilibrium eannot
be determined, since both lines are within the experimental
scatter. Additional experiments, performed at other free-
stream temperatures, showed that above 3600°K the peak
radiation was independent of freestream temperature, which
confirms the theoretical prediction that the NO radiation
peaks within the boundary layer at T = 3600°K. Both the
location and magnitude of this peak were predicted very well
by both theories.

These boundary-layer experiments show that good spatially
resolved radiation profiles can be obtained with the optical
system used here; and that a comparatively simple laminar
boundary-layer theory predicts this radiation with a high
degree of accuracy.
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Fig. 2 Freestream radiation from air in the 3869 &= 33 A

bandpass. The solid lines show the individual contri-

butions from various radiators, assuming thermochemical
equilibrium.
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3. Theory of the Air-Teflon Boundary Layer

The analysis of the ablating layer follows the lines of
classical boundary-layer theory except that detailed con-
sideration must be given to the coupling between the ablating
surface and the gaseous layer. Both energy and mass
balances are made at this interface. Fortunately, the abla-
tion temperature of Teflon is well known, so it is not necessary
to construct a complete analysis of the heat transfer within
the ablator to obtain a solution to the problem.

Assumptions and Governing Equations

We envisage a boundary layer in which all species have
the same value of a given transport property, and all Lewis
and Prandil numbers are unity. Chemical nuclei rather
than compounds are followed, which yields the simplification
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that the conservation of mass relation for each nucleus has no
source term, since nuclei are neither created nor destroyed.
Fick’s law for the diffusion velocity is used. With these
assumptions, the relative concentrations of the various nuclei
can be obtained simply. Since all nuclei are assumed to have
the same diffusivities, the oxygen/nitrogen ratio must be
constant across the layer at its free stream value, 0.21/0.79.
Similarly, for Teflon, whose empirical formula is C,Fy, the
carbon/fluorine ratio must be % across the layer. Thus, it
is sufficient to determine only the mass fraction of the abla-
tion mater al, Cy4, across the layer. C4 is defined as

Ci= 2 Ci=Ce+Cr (1)
where C; is the nucleus mass fraction. With brackets de-
noting the number of moles per mole of CoF,, we obtain the
follow ng expressions for the mole fractions

[C] =2, [0] = 1.47(1 — C4)/Ca &
[F] = 4, [N] = 3.72[0]

The governing equations for conservation of momentum,
energy, and ablating nuclei are written in terms of the
Howarth-Dorodnitsyn independent variables £ and »

£= [ ulowds,

3
Ue Yy
n = (291,2‘]; pdy

The subscript w denotes the wall value of pu, which is a
funetion of z. We define the usual dependent variables as

Jo = u/u, 9= H/H, @

where £ and 7 subscripts will be used to denote partial deriva-

tives. The conservation equations are,
momentum
Jomn + IFon = 28(fofae — fefom) (ba)

energy

G + fgn = 2E(Fygs — fegn) (6b)
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ablating nuclei

CAW + fCAn = 2£(fnCAE - fECAn) (5¢)
The boundary conditions in the freestream are
g_>17f17_>17011'—)0 (6)

If we denote the location of ‘the leading edge of the Teflon
plate as &, the boundary conditions on the nozzle wall are,
for0< (< &

n = 07 g = ng;‘f = 07 le =0 <7a‘7byc)

The solutions to the governing Eqs. (5a,b) subject to these
boundary conditions are the Blasius solution and the Croeco
integral.

For £ > & we must perform energy and mass balances at
the Teflon surface. The energy balance is obtained by first
writing the net heat transfer from the gas to the surface,
—{Aw, &S

~Qaw = —Qo — (P)whw + (0)ulirw

Here —q, is the heat transfer by conduction and diffusion,
and the other two terms represent convection of energy with
the gas and ablator enthalpies respectively. For steady-
state ablation, —g1. may also be written in terms of an
energy balance within the solid Teflon,

—Qaw = (p0)u(haw — heo)

where Ay is the enthalpy of room temperature solid Teflon.
Eliminating g..» from the above equations yields the ap-
propriate energy balance at the surface

—qw = (p)wlho — hu) 8)
The mass ba ance at the Teflon surface is
(o)1 — Caw) = —(p0C4/0Y)w 9

In terms of the Howarth-Dorodnitsyn variables, the
boundary conditions are

oo/ (@50 = gu) = Cage/(1 = Caw) = fu + 28fen (10)

The Egs. (5a,b,c) are a seventh-order system with six
boundary conditions, given by Egs. (6, 7¢, and 10). The
additional boundary condition should involve a balance be-
tween the heat transfer within the ablator and its mass loss,
which would determine. the surface temperature. Since
the ablation temperature of Teflon is known to be 1000°K
within a few degrees, we employed this value as our additional
boundary condition.

Thermodynamic Properties of the Air-Teflon Mixture

The solution of the system of equations and boundary
conditions given above yields values for the enthalpy of the
mixture and the mole fractions of C, F, O, and N within the
boundary layer. To compute the temperature and species
profiles, it is necessary to define a chemical model which de-
termines the compounds formed by these elements. The
previous results have shown that the radiation from both
the freestream and nozzle boundary layer can be predicted
within the experimental accuracy by equilibrium theories.
For the ablation experiments, the assumption of concentra-
tion equilibrium for major species is reinforced by the rapid
reactions between carbon compounds and oxygen. The
equilibrium composition may be computed by using a thermo-
chemical equilibrium program, which is based on the JANAF
tables.?

This procedure leads to a formidable complication at the
wall where neither C 4., or 4, are known, but T, is well known
for Teflon. The problem is to find values of Caw and A,
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which satisfy both the equilibrium program, the boundary-
layer equations, and the interface conditions, Eq. (10).

It is instructive to consider a simple case to understand
this complication. When ¢, and Ca, are independent of z,
and there is no nozzle boundary layer, the solutions to Eqs.
(5b,c) are given by the Crocco integrals,

(Caw = Ca)/Caw = (g — gu)/(1 — gu) =
(H - hw)/(He - hw)

These relations may be inserted into the boundary conditions
given in Eq. (10) so that the following relation between /.
and C 4, is obtained as a solution to the boundary-layer equa-
tions at the wall

by = He — Caw(He — he) (amn

The quantity A is the enthalpy of solid Teflon (C.Fy) at
300°K. This enthalpy is obtained from Ref. 5-7 as —1.93
keal/gm. Eq. (11) is shown plotted in Fig. 5 for a freestream
temperature of 6000°K as line A. Line A satisfies the
boundary-layer equations and the heat and mass balances
at the surface. Calculations of A, vs. C4w using the equilib-
rium program based on Ref. 5 for a temperature of 1000°K
and 1 atm are shown as Line B in Fig. 5. The wall state
should be at the intersection of these two lines, but they do
not intersect. Raising the wall temperature to 1100°K
would provide an interseetion at Can = 1.0; however, the
composition of the gas for 4., near unity is largely CF,, CF,
and solid carbon. Since no solid carbon radiation was
experimentally observed, the assumption of complete thermo-
chemical equilibrium does not yield an aceurate picture of the
gas state at the Teflon surface.

Another possible model for the thermodynamic state of the
gas at the wall is an unreacted mixture of C,F, gas and air,
both at 1000°K and 1 atm. The results of such a mixture
caleulation are shown as line € in Fig. 5. Lines C and A do
intersect, but if the values of C4, and h, at the intersection
are used in the equilibrium eomputations the resulting
equilibrium state is at a temperature much greater than
1000°K because the C.Fy and O, react exothermically. This
model would thus produce a temperature discontinuity at
the wall, which is also unacceptable.

One way to reconcile the difficulties is to develop a model
which predicts C;Fy gas at 1000°K as an equilibrium state
if Capw = 1. This can be done by considering the kinetic
model for C.F, decomposition proposed in Ref. 8, which
suggests that the equilibrium composition of curve B, which
contains large amounts of CF, and CFj, is not attained in the
time scale of our experiments since CF; and CF, are formed
by three body collisions, which are relatively slow. We
have, therefore, considered a “partial equilibrium’ model in
which the compounds CF; and CF; are deleted from the
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equilibrium caleulation. The results of such a calculation
are shown as curve D in Fig. 5. This curve maintains C.F,
gas at 1000°K when C4, = 1.0, and it crosses the boundary-
layer solution at a reasonable value of C4u. For Caw near
unity, the gas is found to be a mixture of only three com-
pounds: C.F,, COF,, and N»; all the oxygen reacts with
the CoFy to form COY; and the N, is unreacted. This partial
equilibrium model was used in the numerical calculations
presented below.

For the three component mixture which is found at the
wall, the enthalpy is a linear function of C4.,

GJuw = hw/He = (1/He)(a0Aw + b) (12)

where a = 0.43 keal/gm, and b = —0.857 keal/gm. This
relation is an analytical representation of the chemical state
near the wall, which was utilized in the numerical solutions.
The details of these nonsimilar solutions are discussed in
Ref. 3.

Theoretical Results

Theoretical calculations were performed for the stream
temperatures of 3220, 4800 and 5800°K. The concentration
of Teflon as a function of distance normal to the surface is
shown in Fig. 6 along with corresponding temperature dis-
tributions. As expected, Cio decreases with freestream
temperature, T.. The Teflon concentration at a given value
of y decreases even more rapidly with 7', because the density
is higher in the cooler boundary layer. The temperature
distributions of Fig. 6 show an unusual feature. As y in-
creases, there is a temperature plateau at high T, which be-
comes 2 local minimum at 7. = 3220°K. Of course, the
enthalpy always increases monatonically from the surface
in our model. Therefore, the plateau must be associated
with endothermic chemical reactions occurring in this region
of the layer Fig. 7 shows the distribution of reactants
within the boundary layer for T = 4800°K; the distance
scale is expanded near the wall to clearly show the rapid
variations. These results are illustrative of those obtained
for the other temperatures. In the temperature plateau
region we see peaks in the particle density of fluorine, CO;
and CO (double peak). We also note that although the
mole fraction of C,Fy is high at the wall, there are still more
molecules of N; than C.F, In addition, the particle con-
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centration of COF; is high near the wall, but it decreases
rapidly as we proceed out into the boundary layer.

4. Comparison of Theory and Experiment

Experiments were performed in the freestream temperature
range 3000-6000°K. Both visible and IR data were ob-
tained using the techniques discussed in Sec. 2. The re-
sults of the theoretical calculations discussed in Seec. 3
were combined with the radiation intensities given in Fig.
3 to determine the theoretical radiation profiles.

Spectra of the air-Teflon boundary layer showed that the
radiation in the visible and near UV is dominated by the
CN violet system.!=® Neither C nor C. (Swan) radiation
was detected though some runs made with only nitrogen in
the freestream showed them to be strong radiators in the
nitrogen-Teflon boundary layer. Spatially unresolved wave-
length scans of the air-Teflon boundary layer between 2.0
and 3.2p indicated that the principle radiators were CO,
(r1 + ¥3), CO3 2wy + »3), NO (2v) and CO (2v). Of course,
these scans also showed the NO (v), CO (»), and CO; (v3)
bands in the 4.0 to 5.3u region. Although COF; was not
identified in the scans, its possible presence in the spectra
could not be eliminated. Since the theory predicts that the
COF: particle density is high very close to the wall, it was
included in the theoretical radiation estimates. Although
fluorine is a major component in part of the boundary layer
according to the theory, it is not an important radiator.

Figure 8 shows the experimental and theoretical radiation
profiles in the 2.90p (AN = 0.24u) band pass. The spatial

resolution function of the optical instrument has been im-
pressed on the theoretical results to provide a more accurate
basis for comparison. The y = 0 position of the optical
instrument was taken as the point where the leading edge of
the resolution function first intersected the surface of the
Teflon. However, the data are plotted using the position of
the center of the resolution function. Therefore, the radi-
ation begins to rise at values of y less than zero. The peak
in radiation is due to CO,, although COF, radiation is im-
portant near the surface. At 4800°K and 3220°K the NO
radiation dom nates in the outer portion of the boundary
layer. The CO radiation contribution is a'ways negligible.
We see that both the peak intensity and its location are pre-
dicted well by the theory. Beyond the peak, at the higher
temperature, the theoretical predictions fall off more rapidly
than the experimental data. As a result of this, at 5800°K
the theoretical value for the total integrated radiation in this
band pass is about a factor of two lower than that obtained
experimentally. At 4800°K the theoretical and experimental
integrated radiation agrees well, while at 3220°K the theory
overpredicts the radiation by about a factor of two. Note
that the peak intensity of the COs radiation is weakly de-
pendent up temperature, even though the radiation intensity
per particle in Fig. 8 varies by about 102 through the layer,
while the particle density of CO, varies by 10° in Fig. 7.
Figure 9 shows the radiation at A = 2.48u (AN = 0.18y)
due to CO (2v), COF; and IR Bremsstrahlung. Again the
position and magnitude of the radiation peak is predicted
well. The COF; radiation predicted by the theory before it
is modified by the experimental resolution funetion is highly
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peaked at the surface, and decays rapidly until it is negligible
about 0.25 mm from the surface. The limited spatial
resolution of the IR instrument did not permit us to posi-
tively identify the COF, radiation. At 3220°K the theory
predicts that the most important radiator in the band pass
is COF,. This radiation is about 10? times greater than the
CO radiation.

The CN (violet) radiation is shown for T = 5800 and
4800°K in Figs. 10 and 11. At 5800°K the peak and total
intensity are predicted well, but the location of the peak is
twice as far from the surface as the experimental measure-
ment. Also, the second peak near the surface is not pre-
dicted. At 4800°K the theory predicts no radiation peak;
in fact, the dominant radiator is predicted to be NO(B).
The 3200°K result, not shown here, is similar to the 4800°K
case. Since the dissociation energy of 7.5 ev for CN is
recommended in Ref. 5 with reservations, and this va'ue is
somewhat controversial, we also calculated the partial equilib-
rium concentrations, temperatures, and the resulting radi-
ation for T, = 5800°K using a value of 8.1 ev for the dissoci-
ation energy of CN. Since CN is a trace species in the
boundary layer, the temperature is essentially unaffected by
the different dissociation energy; however, the CN con-
centration increases by a factor of three. The CN radiation
is increased by this same factor over that shown in Fig. 10,
but the shape of the theoretical curve is unchanged. At
lower temperatures the increased dissociation energy does not
increase the CN radiation significantly.

Also shown in Fig. 10 is the CN (violet) (0,0) rotational
temperature profile in the boundary layer, which was obtained
by densitometry of a spectral plate.? It may be compared
with the calculated temperature distribution shown in Fig.
6. At the outer edge of the boundary layer the rotational
temperature agrees reasonably well with the calculated
temperature. However, instead of decreasing monatonically
to the wall temperature, the rotational temperature rises to
over 4000°K near the Teflon surface.

The effect is presently unexplained in detail, but might be
due to formation of the electronically excited state of CN
(B?Z) in high rotational levels which radiate before they
can be quenched by collisions. Such a phenomenon is well-
documented in the flame spectroscopy literature; for ex-
ample, the OH radical has yielded rotational temperatures
well above the theoretical equilibrium flame temperature.®
ON, like OH, has a very short radiative lifetime. Kiess
and Broida have found anamolous rotational distributions
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in the CN (violet) radiation from cold flames of atomic ni-
trogen reacting with halogenated hydrocarbons.

The partial equilibrium model was utilized in the theo-
retical calculations since it gave a physically acceptable
temperature and chemical composition at the wall. How-
ever, while it is of interest to note that use of the full equilib-
rium calculation at the wall did give temperature discon-
tinuities ‘there, the radiation predictions further out in the
boundary layer were quite similar to those obtained with the
partial equilibrium model.

5. Conclusions

In the previous section we have compared a simple theory
which is based on a partial equilibrium chemical model with
experimental results. This is a stringent test of the theory,
since we require it to predict not the gross features of the
boundary layer, such as heat transfer and skin friction, but
detailed radiation profiles within the boundary layer. The
theory is able to predict the peak intensity of the CO, radi-
ation, its position in the boundary layer, and the integrated
intensity across the layer to within a factor of two. The
peak CO, radiation is independent of temperature in the
range of our experiment, 3200-6000°K.

The position and magnitude of the 2.48u radiation peak
is predicted well and the theory shows that a substantial
portion of this radiation is from COF,. The individual con-
tributions from COFs and CO could not be observed experi-
mentally, because of spatial resolution limitations.

The inability of the theory to explain the visible CN radi-
ation data with comparable accuracy to that in the infrared
may well be related to the anomalous CN rotational tem-
perature distribution in the layer. This leads us to the con-
clusion that even at one atmosphere, the dominant visible
and near UV radiation in the air-Teflon boundary-layer
experiments comes from CN out of thermodynamicequilibrium.
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Failure of Existing Theories to Correlate Experimental
Nonacoustic Combustion Instability Data
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Experimental data concerning nonacoustic combustion instability of solid propellants
are presented and compared with the predictions of theoretical models. This comparison re-
veals that the models are inadequnate to predict the bulk mode instability behavior of certain
propellants such as those using a polyurethane binder. A computational method, the layer
frequency concept, is proposed. The results obtained using this technique suggest that the
heterogeneity of the propellant and the relationship of the thermal wave thickness to the oxi-
dizer particle sizes are factors that cannot be neglected (as they are in the theoretical models)
in the modeling of nonacoustic combustion instability of a propellant system.

Nomenclature

I

nondimensional parameter in the response function
(see Ref. 14)

nondimensional parameter in the response function
(see Ref. 14)

oxidizer particle diameter

frequency of osciilations, cps

characteristic length of chamber
divided by nozzle throat area)

molecular weight of combustion chamber gases

pressure exponent in steady-state burning rate equa-
tion # = bp~n

mean- or time-average pressure

pressure perturbation

real part of a complex expression

response function = (#'/7)/(p'/p)

mean burning rate

burning rate perturbation

adiabatic lame temperature

weight fraction of oxidizer

exponential growth rate

thermal diffusivity of solid

characteristic binder thickness between oxidizer
particles

characteristic root of solid phase energy equation
(see Eq. 3)
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Mem-

pox =  oxidizer density

ps = binder density

T = characteristic time

7en =  residence time of the chamber = c¢*L*M W /RT
7w =  thermal wave relaxation time = a/7?

Q =  nondimensional frequency = aw/7?

@ = frequency, rad/sec

Introduction

NUMBER of studies'~!? have discussed the subject of
oscillatory behavior of solid-propellant combustion in
low-frequency modes (low compared to acoustic wave modes).
Relevant analytical studies!~*¢ have included modeling of the
behavior of the combustor flow system as well as modeling
of the perturbation behavior of the propellant combustion.
Modeling of the over-all combustion-flow system has been
simplified by decoupling the combustor analysis from the
combustion zone analysis, using the mass response function
as a matching condition to join the two separate analyses.’
This has permitted better identification of the relationship
between nonacoustic instability (NAI) and acoustic insta-
bility, and has permitted the relatively well-developed one-
dimensional perturbation theory of solid-propellant combus-
tion to be incorporated into the stability analysis for the
combustor. These advances permit a much more decisive
correlation between theory and the voluminous results of
laboratory tests using the L*-burnerds7.8.10.12 gnd also ad-
vance the possibility of determining whether the experimental
results can be used to test the validity of theory. Recently
some comparison of this type have been made, which ques-
tion the validity of the one-dimensional combustion perturba-
tion models.?~1 The results of the present work with com-



