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Determination of the Recombination Efficiency of Thermal
Control Coatings for Hypersonic Vehicles
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A method is presented for determining the recombination efficiency of coatings for hypersenic vehicle applica-
tions. The approach uses experimental results from arc-jet tests with an analysis to determine the efficiency for
the recombination of atomic species present in the boundary layer. The analysis employs analytical solutions to
the laminar boundary-layer heat-transfer equations with experimental heating-rate, temperature, and pressure
measurements. The authors discuss experimental difficulties in achieving reliable materials-performance data. The
utility of the method is that it provides a rapid and efficient tool for use in qualitative screening and development
of materials. The effects of second-order heat-transfer terms.may be as high as 50% for low-catalysis surfaces.
With the second-order terms included, the maximum uncertainty in recombination-efficiency data for low-catalysis
surfaces is 45%. The discussions are based on experimental data and calculations for arc-jet tests of the titanium
alloy Ti-14A1-21Nb with a borosilicate-like glass coating that has a recombination efficiency of about 0.006 to 0.01.

Nomenclature

C = specific heat
Ce = freestream atomic mass fraction
d = sample diameter, m
degs = effective nose diameter of sample, m
en(X, T) = spectral emissive power of a blackbody at

temperature 7' and wavelength ), W/m?
F, = radiation heat-transfer factor for sample edge
Fy = radiation heat-transfer factor for insulator hole
Pise = stagnation stream frozen enthalpy, J/kg
h.n, = heat of recombination of nitrogen, J/kg
h,o, = heat of recombination of oxygen, J/kg
Prge = stagnation stream recombination enthalpy, J/kg
hge = stagnation stream total enthalpy, Jékg
Ko = constant in equation for A, kg/m? -s-Pa’ , Eq. (25)
Kins = thermal conductivity of the insulation layer, W/m-K
ky = catalytic reaction rate constant, m/s
L. = Lewis number, 1.4
{ = thickness, m
Iy = width of gap between sample and model adapter, m
M, = atomic weight of dissociated air, kg/mole
P = pressure, Pa
Pr = Prandtl number, 0.72
q = heat-transfer rate, W/m?
o = heat transfer by diffusion, W/m?
qditt = iteration parameter, Eq. (27)
R, = Universal gas constant, J/mole-K

= boundary-layer diffusion rate, m/s

T = temperature, K
Ty = temperature at the back of the insulation layer, K
T = radiation equilibrium temperature, K
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To = initial sample temperature, K

U = velocity of gas, m/s '

B = velocity gradient in boundary layer, s™!

y = recombination efficiency of sample

AT = difference between sample temperature and model
adapter temperature, K

AA = wavelength interval, m

aT /ot = temperature rise rate of the sample, K/s

£ = emittance of sample

&) = room-temperature spectral/near-normal emittance at
wavelength A

A = wavelength, m

“w = viscosity of test gas, Pa/s

o = density of test gas, kg/m3

o = Stefan-Boltzmann constant, W/m?2-K*

¢ = recombination factor

Subscripts

absorp = absorption by sample

aero = aerothermal

arc = arc chamber

c = convection

cat = catalytic

ccw = catalytic cold-wall

cond = conduction

ec = edge conduction

he = hole conduction

ins = insulator

nom = no second-order heat-transfer terms

rad = radiative

] = sample

se = stream stagnation condition

TN = total normal

tic = thermocouple

TH = total hemispherical

w = sample wall condition

00 = freestream condition

Superscript

t = transient condition
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Introduction

OR flight conditions involving nonequilibrium chemistry with

dissociated species, the convective heat transfer to a vehicle
consists of a conduction component plus a diffusion component that
is due to recombination at the vehicle surface of the dissociated gas
species. The catalytic effects of the vehicle surface govern the mag-
nitude of the diffusion component of the heat transfer. The diffusion
component of the heat transfer may be greater than the conduction
heat transfer. The parameter called recombination efficiency pro-
vides a means for scaling the catalytic effects of the surface and the
resultant diffusional heat transfer. Figure 1 shows heat-transfer rate
results for a sample exposed to an arc-jet environment in stagnation
flow at a freestream Mach number of 4, a boundary-layer edge en-
thalpy of 8.1 MJ/kg, and a wall pressure of 786 Pa. The conduction
heat-transfer rate is about 120 kW/m?, and the total heat-transfer
rate for a recombination efficiency of unity is 320 kW/m?. The to-
tal convection heat-transfer rate for a recombination efficiency of
0.01 is about 140 kW/m?2. These very substantial differences in heat
transfer may translate to large differences in the surface temperature
of flight vehicles.

Current materials of interest for the hot structure and heat shield
of hypersonic vehicles require environmental and thermal control
coatings to expand their range of application. Protective thermal-
control coatings that shield materials from oxidation enable their
use at higher temperatures. Additionally, coatings that provide a
high-emittance and low-catalysis surface extend the applicability
of materials by reducing the net rate of heat transfer to vehicles in
hypersonic flight.! In a nonequilibrium flow, low-catalysis surfaces
result in low efficiency for wall recombination of dissociated species
with an attendant reduction in diffusional heat-transfer rate. Also,
high-emittance surfaces reject a significant portion of the absorbed
heat by reradiation.

Accurate data for recombination efficiency are particularly crit-
ical in the design of minimum-weight metallic structures because
of the strong temperature dependence of oxidation and mechani-
cal properties of superalloys and high-strength-to-weight materials
(like titanium and titanjum-aluminide intermetallic alloys) near their
maximum use temperatures. Therefore, a critical part of developing
materials and coatings for hypersonic vehicle applications involves
conducting meaningful ground tests of coated samples to obtain
surface recombination-efficiency data.

A stagnation laminar boundary-layer heat-transfer method per-
mits calculating the rate of heat transfer to bodies of known recom-
bination efficiency in hypersonic dissociated flows. Conversely, the
stagnation laminar boundary-layer heat-transfer method with heat-
transfer measurements and an energy balance on samples permits
calculating their recombination efficiency.* These approaches pro-
vide the basis for developing an efficient low-cost procedure for
evaluating the recombination efficiency of samples using experi-
mental data from hypersonic flow tests.

This paper presents experimental and analytical techniques that
enable determination of the recombination efficiency of coatings for
hypersonic vehicle applications. The techniques use heat-transfer
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Fig. 1 Variation in aerothermal heating with recombination efficiency
for arc-jet environment.

calculations with a detailed energy balance. These data are usedin a
computer solution of the stagnation boundary-layer equations to ob-
tain qualitative data for recombination efficiency of coating surfaces
at different operating conditions. Samples were exposed to dynamic
oxidation conditions in an electric-arc-heated hypersonic wind tun-
nel. This paper addresses problems and uncertainties encountered in
conducting experimental evaluations of low-catalysis coatings for
hypersonic vehicles. The utility of the method is that it provides
a rapid and efficient tool for use in screening and development of
materials.

Experimental Method
Exposure to Simulated Hypersonic Flow

Material samples are tested, under dynamic oxidation conditions
similar to hypersonic flight, in the NASA Langley Research Center
Hypersonic Materials Environmental Test System (HYMETS), an
electric-arc-heated hypersonic wind tunnel that provides for efficient
testing of material samples under dynamic oxidation conditions.’
The HYMETS is a 100-kW constrictor-arc-heated wind tunnel that
uses air plus nitrogen and oxygen gases in ratios equivalent to air.
In the HYMETS, gases enter the arc chamber containing a direct-
current arc, reach a very high energy level, and expand through a
supersonic nozzle into the test chamber, which is under vacuum. The
hypersonic flow impinges on the test sample mounted in a stagnation
configuration and exhausts through a mechanically pumped diffuser
system.

Table 1 shows the range of test conditions available in the
HYMETS. These conditions do not fully simulate hypersonic flight.
However, heating of the sample with high-velocity air is critical
to evaluating the response of materials and surfaces to hypersonic
flight. The range of heat transfer possible in the HYMETS includes
the levels encountered by a significant portion of a vehicle in hyper-
sonic flight. Chemical equilibrium calculations for the range of test
conditions of the present study indicate that more than 95% of the
oxygen in the test stream is atomic and less than 5% of the nitrogen
is atomic.!

The HYMETS contains three water-cooled air-actuated struts that
facilitate exposure of samples and instrumentation to the test envi-
ronment. Figure 2 shows the sample-model adapter used to fas-
ten samples to the strut. The sample-model configuration consists
of a 2.5-cm-diam sample disk mounted to a 3.3-cm-diam copper
model holder that attaches to a water-cooled strut. The sample is
instrumented with a P/Pt13%Rh thermocouple. The 0.25-mm-diam

Table 1 Range of operating conditions for

HYMETS facility
Parameter Range
Mach number 3.5-44
Wall pressure, Pa 525-850
Stream enthalpy, MJ/kg 3.5-10.0

Catalytic cold-wall heating rate, kW/m? 60425
Equilibrium dissociation, %:
Oxygen 0-100
Nitrogen <5

Flow Direction

Specimen
(2.54 cm diameter)

insulator (0.5 cm thick)
Model Holder

Ceramic Insulator

Water-cooled Strut (3.3 cm
Diameter)

PY/Pt -13Rh Thermocouple

Fig. 2 Schematic diagram of specimen-model adapter.
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thermocouple wire is contained in a 0.8-mm-diam alumina tube. The
sample is insulated from the model holder by a 6-mm-thick fibrous
silica insulator. The thermocouple assembly passes through a 3.18-
mm-diam hole in the insulator and the model adapter.

A combined water-cooled heat-transfer and pressure probe, which
has the same geometry as the sample-model adapter and mounts on
a different insertion sting, is used to measure the catalytic cold-wall
heat-transfer rate and the surface pressure. The heat-transfer sensor
of the probe is a circular foil heat-flux gauge made of constantan.®
The water-cooled heat-transfer probe is calibrated against a silver
slug calorimeter of the same geometry as the sample-model adapter.
Silver is the preferred material for reference, because it has a high
recombination efficiency for oxygen (y = 0.25).” Upon exposure
of the silver sample to the heating environment, its temperature is
low, and the resultant heating of the sample is the catalytic cold-wall
heat-transfer rate (gecy)-

Test conditions are continuously monitored from the start of a
HYMETS test. At the start of a test, the sample temperature is
transient and, because the heat loss by radiation is negligible at
low temperature, incoming heat is accommodated by increasing the
temperature of the sample and by conduction to the sample-model
adapter. After some time, the sample reaches the radiation equilib-
rium temperature for the test condition, and the heat-transfer rate
to the sample equals the heat losses due to radiation and conduc-
tion to the sample-model adapter. Parameters measured during a test
include the témperature and composition of gases injected into the
arc chamber, arc-chamber pressure, test-chamber pressure, pressure
at the sample surface, sample temperature, and catalytic cold-wall
heat-transfer rate (geew)-

Characterization of Radiative Properties

Room-temperature spectral near-normal reflectance measure-
ments are made over the wavelength range from 1.5 to 25 pm using
a heated cavity reflectometer.® The spectral emittance is obtained
from the reflectance using the relationships that absorptance equals
unity minus reflectance and (from Kirchhoff’s law) spectral emit-
tance equals spectral absorptance. The total emittance is calculated
from the spectral emittance using the equation®

_ e, Tey(r, T) A .
T Y e, T) AL W

ETN

These are total-normal-emittance data: heat-transfer analyses re-
quire total-hemispherical-emittance data (e1y). The latter are ob-
tained from the equation!®!!

ETH = 0-9758TN (2)

Materials and Coatings

For testing, the low-catalysis coatings were applied to a substrate
of Alpha-2 titanium-aluminide intermetallic alloy. The alloy has a
nominal weight percentage composition of 14 aluminum, 21 nio-
bium, and the balance titanium, and a density of 4.6 g/cm3. The
low-catalysis coating is a borosilicate-like glass prepared by phys-
ical vapor deposition and chemical vapor deposition. Reference 12
describes the processing of this coating, which is about 5 pm thick,
and other similar low-catalysis coatings.

Analysis
References 2, 13, and 14 treat aerothermal heat transfer to hy-
personic flight vehicles. The heat transfer to a body in hypersonic
flow (gaer0) consists of a conduction component (g.) and a diffusion
component (Gea):

Gaero = e + Gear 3

The conduction heat transfer results from transport of thermal
energy to the vehicle surface through a temperature gradient. The
diffusion component results from the transport of energy due to
a species gradient and surface catalytic properties that affect the
recombination of dissociated species.

The approach of Goulard for computing catalytic heating? is ap-
plied to the stagnation-point laminar-boundary-layer heat-transfer
technique of Fay and Riddell'*:

— wOw \ % he —h »
qc = 0.763 Pr 0'6(M—> (.B/'Lsepse)oj(“—h_i)kbse (4)

sePse
Geat = ¢ (5)
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The effective diameter of the sample, deg, in Eq. (10) is defined by
degg = 3.78d (14)

The factor ¢ accounts for the recombination rate of atoms diffusing
to the surface. This model assumes that the total heat of recombina-
tion for the atoms reacting at the surface transfers to the surface.

The aerothermal heat transfer balances the heat absorption and
losses by the sample. In a one-dimensional surface energy balance
the aerothermal heat-transfer rate (gue,) equals the sum of heat
absorption (¢absorp), heat rejection by radiation (gy,4), and heat lost
by conduction (gcona):

Gaero = qabsorp + Grad + Gcond (15)
where
T,

Gabsorp = PsCsls—(,; (16)
Grad = emuo T, a7

i Cinsk' 9T, 1%
Gama = 2 225 (7, — 1) 22 (18)

T ot

for transient heating, and

Qoo = ki 2 (19
lins
for thermal equilibrium heating. Equation (18) is the solution to the
semi-infinite conduction problem.
At the outset of exposure, the temperature of a body subjected
to aerothermal heating is transient and, because the temperature
is initially low, heat rejection by radiation is negligible. Thus for
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Fig. 3 Energy-balance diagram for sample-model adapter.

transient-heating conditions, the aerothermal heat-transfer rate is
given by

a7 pinscinskins a7, 05
Gaero = pscsls— + 2[——(7'5 - TO)—]
4 ot

ot @0

Equation (20), applied to the silver sample used to calibrate the
heat-transfer probe, yields the cold-wall heat transfer rate to a cat-
alytic surface (gecw for y = 0.25). After some time, when the sam-
ple temperature has stabilized, thermal equilibrium conditions exist,
and heat absorption defined by Eq. (16) is negligible, the radiation
equilibrium heat-transfer rate is given by

Ts‘Tb>

ins

Gurs = £ T+ i @)

Catalysis calculations for the transient portion of the test deter-
mine the cold-wall recombination efficiency, and for the thermal-
equilibrium portion of the test determine the hot-wall recombination
efficiency at test temperature. However, a simple one-dimensional
surface energy balance is not adequate to describe the heat trans-
fer to a model undergoing aerothermal heating in an electric-arc-
heated wind tunnel. Figure 3 shows an energy balance diagram for
the sample-mode] adapter assembly. The two regions labeled in
the figure involve second-order heat-transfer processes that must be
evaluated to improve the accuracy of the analysis, particularly for
materials having low recombination efficiencies. Region 1, where
the back-surface thermocouple passes through the insulation layer,
is the site of heat transfer by conduction along the thermocouple and
insulator, by conduction through the gas, and by radiation through
the hole. Region 2, the gap between the sample edge and the model
adapter, is the site of radiative heat transfer between the edge sur-
face, the exposed surface of the insulator, the inner surface of the
model adapter, and the test chamber, and of conductive heat transfer
between the edge surface and the surrounding gases.

In view of this discussion, Eqs. (20) and (21) must be adjusted
to allow for second-order heat-transfer effects. Thus, for transient-
heating conditions, Eq. (20) becomes
aT; [ Pins Cinskins

Gaero = losCsls_S +2

BTS 0.5
T, — Ty)—
at (Ts = To) at]

+ qéc + qt’/c (22)

where the factors g, and g, take account of conduction heat transfer
at the edge and along the thermocouple and insulator, respectively.
The edge-conduction correction is analyzed in terms of a gap width
I, and the temperature difference between the sample and the model
holder, AT’. In estimating this term, the pressure of air in the gap is
the measured sample wall pressure, and the rise in temperature of the
model holder is neglected (the copper model holder is taken to be an
infinite sink). For these conditions, the edge-conduction correction
at a sample temperature of 325 K (the temperature corresponding
to T /t) is estimated to be 0.375/;.

Table 2 Heat loss correction factor F for specimen
edge radiation loss as a function of specimen thickness
and emittance for model holder emittance of
0.85and T =T, — 100

Fe
Specimen thickness,
cm e =0.6" 0.80 0.90
0.045 0.0368 0.0361 0.0356
0.065 0.0498 0.0483 0.0476
0.075 0.0565 0.0546 0.0537
0.095 0.0667 0.0642 0.0630

2Specimen emittance.

Table 3 Heat-loss correction factor Fy, for radiation heat loss
through the insulator hole

Fy
Specimen
temperature, K e =0.75% 0.8 0.85 0.9
1100 0.0085 0.0089 0.0092 0.0095
1200 0.0103 0.0106 0.0108 0.0111
1300 0.0116 0.0118 0.0119 0.0121

2Specimen emittance.

To calculate heat conduction along the thermocouple-insulator
assembly for low-temperature transient conditions, heat loss from
the thermocouple wire surfaces is neglected and the problem re-
duces to the semi-infinite heat-transfer problem, whose solution for
the insulation layer is represented by Eq. (18). The ratio of heat
conduction along the thermocouple to heat conduction to the insu-
lator is 0.0215. Thus the gcond term multiplied by the factor 1.0215

includes the g/, term, and Eq. (20) becomes
BTS insCi kin
Gaere = PsCsls— + 2_043[’_’___'5__5

3Ts 0.5
T, — T ==
@ -1°7]
+0.3751 23)

For thermal equilibrium conditions, Eq. (21) becomes

Ts_Tb)

ins

qm=mmﬁa+m+m+m{

+ Gec -+ Ihe + ql/c (24)

where the factors F. and F, take account of radiation heat trans-
fer at the sample edge and through the hole, respectively, and the
erms ¢ec, ghe, and gy take account of conduction heat transfer at
the edge and conduction through the insulator hole and along the
thermocouple-insulator assembly, respectively.

The edge-radiation correction factor F, is based upon the radios-
ity of the sample edge, model adapter, insulator surface, and test
chamber. Assumptions invoked in estimating the factor are the fol-
lowing: all surfaces are gray and diffuse, the emittance of the sample
edge is the same as that of its top surface, and the sample and in-
sulator are at the same temperature. Table 2 presents data for F
as a function of sample thickness and emittance values of 0.6, 0.8,
and 0.9. The data are for an insulator reflectance of 0.50, a model
adapter emittance of 0.85, and a model adapter temperature 100 K
lower than the sample temperature.

The hole radiation correction factor Fj, is similarly based upon
the radiosity of the sample and the insulator hole. The mean in-
sulator temperature used to calculate the radiosity of the hole was
estimated, from experimental measurements of the temperature gra-
dient across the insulator, to be 100 K lower than the sample temper-
ature. Table 3 presents data for Fj, as a function of sample emittance
and temperature.

The terms gec, gne, and g,/ are presented as a function of tem-
perature in Table 4. The edge conduction correction is expressed
in terms of gap width [, and the temperature difference between
the sample and the model holder, AT. In estimating this term, the
pressure of air in the gap is taken to be the same as the measured
sample wall pressure, and the Knudsen number is based on the gap
width. The heat conduction through the hole in the insulator is esti-
mated using the conductivity of air at the average temperature of the
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Table4 Second-order heat transfer terms?®

Temperature, Gec/ (g AT),P Ghe-* qye,’
K kW/m3-K kKW/m? kW/m?
1100 18.200 0.314 2.469
1200 19.414 0.523 2.803
1300 20.836 0.782 3.180

3For Eq. (23).

bHeat-loss parameter for conduction heat transfer from sample edge
as a function of sample temperature.

“Heat loss through insulator hole as a function of the average insu-
lator temperature.

dConduction heat loss to thermocouple and insulator as a function
of sample temperature.

insulator. The average temperature of the insulator was determined
experimentally to be about 100 K lower than the sample tempera-
ture. The rate of heat conduction along the thermocouple-insulator
assembly was calculated by assuming a circular fin with two dis-
crete temperature zones: one corresponding to the thickness of the
insulator and the second contained within the model adapter. The
latter is assumed to be at 300 K. In each case heat transfer from the
surface of the assembly is by radiation.

Computation Procedure

Results from the energy balance are used with the Fay-Riddell
method for stagnation-point laminar-boundary-layer heat transfer,
including the modification of Goulard for recombination rates, to
determine the recombination efficiency of samples. Assumptions
invoked in performing the analysis are: the solution to the stag-
nation boundary-layer equations is valid; the total flow process is
isentropic; the test gas is in chemical equilibrium in the arc chamber,
in the free stream, and at the boundary-layer edge; and the test-gas
chemistry is frozen in the boundary layer. This last assumption is
restrictive, but is necessary in order to create a compact and efficient
analysis suitable for use with a personal computer.

Measurements made during a HYMETS test of a sample together
with results from the surface energy balance define the sample heat-
transfer rate, temperature, pressure, and emittance; the catalytic
cold-wall heat-transfer rate; the freestream pressure; and the arc-
chamber pressure. The recombination efficiency of the heat-transfer
probe is known from the literature.” Steps in the computation pro-
cedure are as follows:

1) Calculate the boundary-layer edge enthalpy using the result of
Zoby and Sullivan'® with the catalytic cold-wall heat-transfer rate
measured with the heat-transfer probe:

cow de 0.5
et () e
air w

where d.; for a flat-face disk is given by Eq. (14), and

Kur = 0.000388— 8 (26)

2 3
m2 —s — Py

2) Use the chemical equilibrium analysis of Stroud and Brinkley'”
with the isentropic relationships, the stream stagnation enthalpy, and
the pressures at the wall, in the arc chamber, and in the freestream
to calculate the temperature, enthalpy, and composition in those
regions.

3) Use the viscosity power-law approximation for the viscosity
of air with an exponent of % to determine its value at the wall and
in the freestream. '8

4) Use the gas law with compressibility factor to determine the
gas density at the wall, in the freestream, and at the boundary-layer
edge.

5) Adjust the boundary-layer edge enthalpy so that the calculated
heat-transfer rate obtained from Eqs. (3-14) (for y = 0.25 and
Tw = 300 K) equals the value determined with the heat-transfer
probe:

g = 1 — = 90® @7)

qCCW

Iterate through steps 2-5 until gqrr < 0.00001.

6) Calculate the rate of heat transfer to the sample using Eq. (23)
or (24).

7) Calculate S, ¢, and gp for Ay, Py, and T,,.

8) Calculate ¢ using the results from steps 6 and 7 above:

6= Gaero — qc (28)
9D

9) Calculate &, and y using Eqgs. (11) and (13):

S
ky = —m 29)
2nM 0.5
y =k(72) 30)

Catalysis calculations for the transient portion of the test determine
the cold-wall recombination efficiency, and for the steady-state por-
tion of the test determine the hot-wall recombination efficiency at
the test temperature.

Results and Discussion

The experimental parameters required as inputs to the analysis
for determining the recombination efficiency are the temperature
or temperature rise rate and emittance of the sample; the pressure
at the sample surface, in the freestream of the flowfield, and in
the arc chamber of the arc jet; and the catalytic cold-wall heat-
transfer rate. Uncertainty in measurement of any of these parameters
affects the confidence level of the calculated results. Figure 4 shows
results from a sensitivity analysis of these parameters for a low-
catalysis coating under transient heating conditions. Comparable
results for steady-state conditions are shown in Fig. 5. Results for
each parameter were obtained by perturbing it while the values
used for the remaining parameters were their nominal values. The
data show that recombination efficiency is not highly sensitive to
deviations in any of the pressure parameters. Deviations in sample
temperature or temperature rise rate have the most profound impact
on computed results for the recombination efficiency.

Figure 6 shows a comparison of the second-order heat-loss terms
with the nominal aerothermal heat-transfer rate for a low-catalysis
coating tested at 1250 K. The largest of the second-order terms is the
radiation-loss term for the edge, which is about 5% of the nominal
aerothermal heat transfer. All the second-order terms sum to about
11% of the nominal aerothermal heat transfer.

Figure 7 shows a comparison of hot-wall recombination-
efficiency results obtained with the nominal energy balance and
with the energy balance including the second-order terms. These
results are for a coating with a very low recombination efficiency.
If the second-order terms are included in the analysis, the calcu-
lated recombination efficiency increases by about one-half. At low
recombination efficiencies, the slope of the curve in Fig. 1 is quite
low, so that a small change in aerothermal heating results in a large
change in recombination efficiency.
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Mach No. 4; Enthalpy = 8.1 MJ/ kg; P,, = 786 Pa; T,, = 325 K
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Fig. 4 Sensitivity analysis for low-catalysis coating under cold-wall
conditions (325 K).
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Fig. 5 Sensitivity analysis for low-catalysis coating under hot-wall con-
ditions (1250 K).
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Fig. 6 Comparison of second-order heat-transfer terms.
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Fig. 7 Effect of second-order heat-transfer terms on recombination
efficiency of low-catalysis coating.

The accuracy of the recombination-efficiency results derived by
the present technique hinges directly on the assumptions invoked in
the analysis and on the uncertainties in experimental test parameters.
One major assumption is that chemical equilibrium exists for the test
gases in the arc chamber, in the freestream, and at the boundary-
layer edge and that frozen chemistry exists in the boundary layer.
The thermodynamic state of the test gases in the HYMETS facility is
not known; however, it is almost certain that they are not in chemical
equilibrium, and there are probably ionized species present. How-
ever, because the treatment of reacting flows is beyond the scope
of this analysis, the assumption of chemical equilibrium was nec-
essary to get an initial estimate of the reacting-flow problem. At
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Fig. 8 Effect of uncertainty in atomic-nitrogen fraction on recombi-
nation efficiency.
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Fig. 9 Variation in radiation equilibrium wall temperature with re-
combination efficiency.

the outset, the analysis with the assumption of chemical equilib-
rium was yielding negative values for recombination efficiency of
very low-catalysis materials. Hence, a further stipulation regarding
chemistry of the test gases was mandated: a fraction of nitrogen is
frozen in the atomic state. The atom fraction of nitrogen present was
stipulated to'vary linearly with the rate of cold-wall catalytic heat
transfer from about 0.15 at very low rates of heat transfer to about
0.20 at very high rates. Figure 8 shows that recombination efficiency
is not a strong function of the fraction of atomic nitrogen.

Figures 4 and 5 show the effect of uncertainties in test parameters
on results of the current analysis and experiment. The most sensi-
tive parameter is the sample surface temperature or temperature rise
rate, followed by the catalytic cold-wall heat transfer rate, surface
emittance, and pressures in order of decreasing importance. Esti-
mates of maximum uncertainties in measurements of sample tem-
perature or temperature rise rate, heat transfer rate, and emittance
are 0.5, 5, and 2.5%, respectively. The estimated accuracy of pres-
sure measurements is greater than 95%. The maximum uncertainty
in recombination efficiency based upon the individual maximum
uncertainties is about 45%, for a nominal recombination efficiency
of 0.010, the bounds would be 0.006 and 0.015.

The contributions of uncertainties in the terms for conduction
heat transfer through the insulator and in the second-order heat-
transfer terms to recombination efficiency are small. Assuming a
25% maximum uncertainty for each, the maximum uncertainty in
recombination efficiency is about 0.002 (20%) for nominal recom-
bination efficiencies near 0.010.

Interest in recombination efficiency relates to its effect on the
vehicle heat-transfer rate in hypersonic flight and the resultant tem-
peratures encountered by the vehicle structure. Figure 9 shows the
variation in radiation equilibrium wall temperature with recombi-
nation efficiency for arc-jet tests of samples exposed to stagnation
flow at a freestream Mach number of 4, a freestream enthalpy of
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Fig. 10 Variation in hot-wall recombination efficiency of a low-
catalysis coating with time of exposure to dynamic oxidation conditions
in the HYMETS facility.
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Fig. 11 Variation in recombination efficiency of low-catalysis coating
with exposure temperature.

8.1 MJ/kg, and a wall pressure of 786 Pa. For nonequilibrium flow
conditions, there is a potential for a tremendous payoff in reduc-
tion of temperature from using low-catalysis coatings on vehicle
surfaces. For the results presented earlier, a sample whose recom-
bination efficiency is 0.010 (£45%), under dynamic oxidation ex-
posure in an arc-jet, the bounds on the radiation equilibrium wall
temperature are 1260 and 1310 K.

Most materials exposed to dynamic oxidation conditions expe-
rience some interaction with the high-energy environment. Low-
catalysis coatings designed for use under those conditions also
undergo change with time of exposure. Figure 10 shows the variation
in recombination efficiency of a low-catalysis coating with time of
exposure. The reason for the three spikes at times of %, 1,and2hand
the shift at 5 h are not known. It is possible the spikes are the result
of contamination of the sample by moisture during measurements of
radiative properties made at those times. The shift in recombination
efficiency at 5 h may relate to some physical-chemical change in
the coating that occurs with long-term exposure.

The dissociation and recombination reactions of atomic species
are temperature-sensitive phenomena. Figure 11 shows data for re-
combination efficiency of a low-catalysis coating at temperatures
of 1167 to 1322 K. The recombination-efficiency data range from
about 0.003 to 0.014. The increase in recombination efficiency
with temperature to some level, followed by a decrease, has been
documented.*1%° It is probable that the wide range in the data
above 1265 K is reflective of instability of the coating and relates
to changes occurring in the coating such as increased loss of boron
and softening at the higher temperatures. The oscillatory behavior
indicated in Fig. 11 is not real, but indicates the range in data for
the coating as it experiences thermal-chemical changes. The peak
in recombination efficiency at 1290 K is lower than Kolodziej and
Stewart!® observed in their tests of a similar coating. The coating
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Fig. 12 Comparison of recombination efficiency of low-catalysis coat-
ing and uncoated alloys.

tested in this study and the coating reported in Ref. 19 were borosil-
icate glass; however, their chemistry differences are probably large
enough to cause a shift in the location of the peak recombination
efficiency.

The range of recombination efficiencies encountered with metals
varies with their surface condition. Metals exposed to a high-energy
environment undergo oxidation, forming metal oxides, which gen-
erally have a high recombination efficiency (>0.03). Figure 12
shows a comparison of the recombination efficiency of Inconel
617 (a nickel-chromium alloy), MA 956 (a mechanically alloyed
iron-based dispersion-strengthened alloy), and coated and uncoated
titanium aluminide alloy. The recombination efficiency for the coat-
ing is about one-fifth or less of that for uncoated alloys. These
differences in recombination efficiency for titanium-aluminide alloy
translate to temperature differences of about 100 X (see Fig. 9).

Concluding Remarks

A method for evaluating the recombination efficiency of thermal-
control coatings for hypersonic vehicle applications has been
demonstrated. The method uses the approach of Goulard for com-
puting catalytic effects with the stagnation-point laminar-boundary-
layer heat-transfer technique of Fay and Riddell. The method
depends on a detailed energy balance for samples tested to define
the catalytic interaction of surfaces with the hypersonic flowfield.
Because the technique contains empirical adjustments to theoreti-
cal equations, the results are nominal and are primarily for use in
the screening and development of coatings. They are most sensitive
to uncertainties in experimental parameters for materials with low
recombination efficiencies, which stresses the importance of includ-
ing second-order heat-transfer terms when evaluating low-catalysis
coatings.

The maximum uncertainty of recombination efficiency for low-
catalysis samples is about 45% when the energy balance includes
second-order heat-transfer terms. For a coating with a nominal re-
combination efficiency of 0.01, the bounds on recombination effi-
ciency would be 0.006 and 0.015, which translates to temperature
bounds of 1260 and 1310 K. Low-catalysis coatings have the po-
tential to reduce the temperature of vehicles in hypersonic flight by
100 K for flight conditions with dissociated oxygen and nitrogen.
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