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CATALYTIC SURFACE EFFECTS TN SPACE SHUTTLE THERMAL FROYECTION SYSTEM
DURING EARTH ENTRY OF FLIGHTS STS-2 THROUGH STS-5

David A. Stewart and John V. Rakich
Ames Research Center, Moffett Field. California

and

Martin J. Lanfranco
Informatics, Inc., Palo Alto, California

STMMARY

This paper describes an on-going "OEX" catalytic surface af‘ects experiment
being conducted on the Space Shuttle. The catalytic surface eff :cts expuriment was
performed on four of the five flights of Columbia. Temperature-time histories and
distributions along the midfuselage and wing of the orbiter were used to determine
the surface catalytic efficiency of the baseline HRSI. Correlation parameters are
shown that allow the comparison of all flight data with predictions from the Zesign
trajectory 14414.1. These data show that the catalytic surface efficiency increased
and surface emittance decreased as a result of contaninants during the five flights
of the Space Shuttle.

INTRODUCTION

The posaibility of reduced heating of the Stuttle orbiter duringz atmosphere
entry because of noncatalytic surface effects has generated grea: interest since the
first Shuxztle flight, when surface temperature was found to be lower than expected.
Noncatalytic surface effects for the Shuttle were previcusly predictcd from computa-
tions and arc-tunnel tests (ref. 1) and were later confirmed (ref. 2) by data from
flight STS-2. With preseat experience from the fivrst five Shuttle flights, mcre
definitive conclusions can now be made regarding noncatalytic surface effects.

The catalyctic surface effects (CSE) "OEX" experiment was designed to determine
1f the low catalytic efficiency of the coating on the heat shield tiles would persisc
at flight conditions. The CSE experiment was conducted cn four of the five f£lights
of Columbia. This on-going experiment uses baseline high-temperature reusabie sur-
face insulation (HRSI) tiles located along the midfuselage and wing of the crbiter.
The HRSI tiles are covered with a reaction cured glass (RCG) coating to provide
emit:zance control and ease of handling (ref. 3). Develcpment flight instrumeataticm
(DFI) was used to measure surface temperature and pressure without impacting <he
Space Shuttle cperations. A catalytic overcoat of black iron cobalt <hromia spinal
in a polyvinyl acetate binder was sprayed onto selected tiles (ref. 1). Measured
surface temperatures obtained from tiles with and without the catalytic overceat
were compared with theoretical predictions using the reacting boundary-layer compu-
tation of Rakich and Lanfranco (ref. 2). High-temperatyre surface properties
obtained from ground-test facilities for the RCG glassy surface and catalytic over-
coat were used along with individual trajectory data to perform the ccmputatisnal
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anzlysis to define each flight experiment. Temperature-time histories and distrizi-
tlons along the midfuselage and wing of the orbiter were used to determine the stuz-—
fzce catalytic efficiency of the baseline HRSI. This paper describes results (les-
s¢2s learned) from a collection of flight data obtained from flights STS-2 thrcuez
23-5. The data include optical properties and surface temperatures that are use<
tc define the surfaze catalytic efficiency of the Space Shuttle thermal protectic=
wstam (TPS). A correlation parzneter and a normalized surface temperzture are
iz-roduced chat allow the comparison of all flight data with a prediction obtaines
fre= the design trajectory 14414.1,

SYMB0LS

Cy heat-transfer coeffic:ient

Cp specific heat .
H, wall enthalpy

Ir total enthalpy

kw reaction-rate constant

L Lewis number

L orbiter length, 32.77 m

M Mach number -0

P pressure

q heat flux

R Reynolds number.

T temperavure

t Earth entr: time, frem 122 km

\Y velocity

X axial distance from nose of orkiter

Y spanwise distance from orbiter centerline
o angle of attack

) tile thickness

a Stefan-Boltzmann constant

€1y Total hemispherical emittance

ol density
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) roll angie

2 sweep angle
Subscripts:

e boundary-layer edge

0 stagnation condition
w wall condition

= free-stream condition

FLIGHT EXPERIMENT
23 -

The catalytic surface effects experiment consisted of two phases. The fi-st
phase wa‘ completed with STS-5. It used tiles witn single surface :‘hermocoupl=z.
The tiles were sprayed with a catalytic overcoat; temperatures were compared w.th
these of nearby uncoated tiles. Tile locations for the first phase were at
X/L =9.15 and X/L = 0.4 for STS-2 and X/L = 0.3 and X/L = 0.4 for STS-:.
Before flight STS-4, tiles located at X/L = 0.1, 0.15, 0.2, 0.3, and 0.4 alo-g the
midfuselage were sprayed with the catalytic overcoat; however, no entry neatinz datz
were cbtained from the flight because of a data system malfunction. Tiles locited ==
X/L = 0.1, 0.15, 0.2, 0.3, and 0.6 along the midfuselage and those at X/L = 1.76
and X/L = 0.82 along a 60% semispan on the wing were also sprayed witk the czza-
lytic overcoat for flight STS-5. For the same flight, a strip, 1.52 m 5% 0.22 1,
along the midfuselage between X/L = 0.35 and X/L = 0.4 was sprayed with thz catz-—
lytic overcoat (fig. 1). The catalytic overcoat was sprayed with an air brush zo a
thickness maintained at approximately 0.005 cm. A plastic sheet masked off the sur—
rounding tiles (fig. 2).

The second phase, which is in the development stage, requires tiles that ze
constructed with multisle surface thermccouples. The catalytic overcoat will bs

sprayed onto one of several tiles to define the shape of the heat pulse during Zarth
entry of the orbiter.

POST-FLIGHT EVALUATION

Flight Photographs

Pre- and post-flight STS-5 photagraphs of tiles with the catalytic overcoa: are
shown in H¥ur¥s 3 anc +. The preflight photograph (fig. 3) shows (looking towzrd
the nose) the tiles on the strip and at X/L = 0.3 and X/L = 0.2. The post-flight
pnotographs (fig. 4) show that the catalytic overcoat on the nose wheel dcor
(X/L = 0.1), fuselage (X¥/L = 0.6), and wing (X/L = 0.76 and X/L = 0.82) of ths
orbiter remained intact. The catalytic overcoat on the strip was eroded rom -*e
corner of two tiles along its edge Juring flight. RBowever, the major portion =% the
overcoart remained on the surfaces. A change in cclor of the RCG surface “rom black
to gray can be observed on the midfuselage and on the wing of the vehicie, indizzting
possible surface contamination. Visual inspection showed that the color zhange was
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not noticeable after STS-3, but it becane more pronounced atter STS-4 anc STE-5.
However, a color change was observed oa the body flap after earlier flights. Pos-
sible sources of contaminatica are the gap fillers in the ncse wheel door and
melallic sersors located along the midfuselage between X/L = 0.1 and I/L = 0.2
(fig. 3). Contaminants from :chese sources have been identified as Fe,0;, 510:, and
Cr,0, (Flowers, O. L., privata communication, 1982).

Chemical Analysis

Chemical analyses were ccunductcd oz the surface of two tiles removed frca loca-
tions X/L = 0.138 and X/L = 0.4 on che orbiter after flight STS-5 (Dr. Dauniel B.
Leiser, private communicatior, 1983). zanalyses of the surfaces were performed using
X-ray diffraction (XRD) and a2 scanning slectron microscope with an X-ray flucTrescence
attachment. The X-ray flucrescense analysis attachment, an energy dispersive X-ray
analysis (EDX) unit, was used to obtain qualitative chemical analysis dzata oI the
coating surface; a description of the unit is given in ref. 4. Post-flizht STS-5

_XRD analysis of the RCG coatizgs showed the presence of cristobalité “on "tae surface.
In addition, X-ray fluorescerce analysis showed the presence of aluminum, silicon,
sodium, and magnesium on the surface of the two tiles. The aluminum, probably in the
form of alumina, is attributeé to by-products deposited from the burning solid rocket
fuel during launch. The other elements are commonly found in sea salt. Sea salt
tends to increase the reaction-rate constant because of its effect on ion mobility
and viscosity of the bcrosilicate glass, and alumina decreases the emittance.

. Surface Properties

Two important surface properties that determine surface temperature on the
heat shield are (1) the resction-rate constant and (2) toral hemispherical emit-
tance. The reaction-rate constants for the RCG coating and catalytic overcoat sSur-
faces were obtained from experiments conducted in the Ames Research Center Aerody-
namic Heating Facility. The reaction-race constant for baseline RCG is shown in
figure 6. The reaction-rate constant varied from roughly =k, = 25 cm/sec to
k = 100 cm/sec for most of the area over the midfuselage where the catalrtic surface
effects exp2riment was being conducted. For simplicity in the reacting boundary-
layer compu:aticn the reaction-rate constant was assumed to be coanstant at
k, = 100 cu/sec. After flight STS-2 experiments using a microwave cavity genevated
nitrogen plasma on pieces of RCG coverec tiles showed no change in the reaction-rate
constant. Post-flight STS-5 experiment also showed no change in the reaction race-
constant for the RCG coating.

The total hemispherical emittance for both surfaces is plotted in figure 7. The
preflight total hemispherical emittance of both surfaces is very similar over the
temperature range of interest {(figs. 7(a) and 7(b)). Taken at room temperature,
the total hemispherical emittzace for both surfaces was calculated from spectral,
hemispherical reflectance datz obtained using a Beckman model DK-IA (wavelength range
0.3 u to 2.3 1) and a Willey model 318 (wavelength range 2.0 u to 15 y) spectropho-
tometer, respectively. Spectral hemispherical emittance data for the RCG surfaces ,
are plotted in figure 7(c).  Figure 7(3) shows a comparison of the total hemisoheri- 4
cal emittance calculated from spectral hemispherical rveflectance data and values
obtajned from arc-jet tests. The arc-jet data were obtained froz disks tested in an
arc-plasma airstream using mezsurements of the radiant flux and surface temperature.
The radiant heat flux was measured using a radiometer and the surtace texperature
with a surface thermocouple (platinum-platinum/13%Z rhodium) and pyrometer
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(wavelength = 0.9 u). Post-flight STS-5 total hemispherical emittance calculated
from reflectence measurements is shown in figura 7(a). Post-flight STS-5 data were
obtained from two tiles removed from the midfuselage at locations X/L = 0.138 and
X/L = C.4 adjacent to the baseline reference tiles. These data show less than 3%
decrease in the total hemispherical emittance of the RCG coating after STS-5.

Computations .

The teacting beundary-layer computation uses dynamic pressure, velocity, and
angle of attack frea the flight trajectory and calculated wall pressure in addition
to the above descrited surface properties, to predict surface temperature on the
orbiter TPS during Zarth entry. The wall pressure-stagnation pressure ratio was cal-
" culated using an inviscid nonequilibrium real-gas solution. Typical pressure ratios
are plotted for several locations along the midfuselage of the orbiter for flight
STS-3 (fig. 8). Agreement between the flight data and predictions is good for all
locations except X/iL = 0.1 where the predicticn was high. The differenck*in® che
measured and calculated pressure is attributed either to a local disturbance of the
boundary layer or pessible leakage of the pressure line from the surface of the tile
to the transducer. 3oundary-layer calculations of the radiation equilibrium tempera-
ture weve performed for equilibrium and reacting flows. The calculated heating for
STS-3 is shown for two surface locations (X/L = 0.15 and X/L = 0.4) along the mid-
fuselage of the orbiter (fig. 9). Shown on the figure are the calculated wall pres-
sure histories. The flow is assumed Lo be laminar in the vicinity of the experiment
for the majority of the Earth-entry trajectory, when surface catalytic effects are
important. Transition to turbulent flow was assumed to occur late in the Earth entry
of the orbiter (~1200 s). The computations show that a reacting flow resulted in a
34-40% reduction in the heat-transfer rate at X/L = 0.15 and 25% reduction at ’
X/L = 0.4 for a substantial portion of the heating history. The effect of chis tem-
perature reduction on heat-shkield thickness was evaluated. A cne-dimensional model
calculation using a modified charring material ablator (CMA) program shows that for
reacting flow the tile thickness can be reduced by greater thar 22% at X/L = 0.15
and greater than 67 at X/L = 0.4 and still meet Shuttle design requirements.

RESULTS AND DISCUSSION

Flight data for STS-2 and STS-3 are compared with the computations and shown in
figure 10. The surface-temperature distribution along the midfuselage was calculated
for equilibrium and reacting flows at an entry time of 650 s. The boundary-layer
analysis predicts a discontinuous rise in temperature on the test tile with catalytic
overcoat. The temperature rise goes above the equilibrium value because of the
sudden release of the energy of dissociationm. The agreemeut between theory ard data
is good at the forward locatiom X/L = 0.15 for STS-2. The low temperature at
X/L = 0.4 can be attributed to the removal of some cf the catalytic overcoat om this
tile during 5TS-2 eatry to Earth. Better agreement between flight data and theory
was observed on STS-3. Some of the temperature data points are off the centerline
.and Ti10se should be a 1ittls higher than those on the centerline. These flight data
show that the surface temperatures on the baceline RRSI tiles are consistently below
the equilibriumn computation (132 to 35%), znd the data from *he test tiles ate above
equilibrium.
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ORIGEINL PACT 19
A

Sata Csrrelation OF FOCR QA LITY
To cempare Jota from each flizht, z normalized surface tezperature and a corra-
lztion naraTmecter ad to be determimed. The normalized surface temperature /T) was
czrived Ifrom the well-known expression for flat-plate heating with disscciated zas
flow (ref. Z5:
2 3
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The hyrersonic viscous Interaz:zion carameter (Mw/YRn) was found to be a correls—
cion parameter relating equivalent Zlight conditions during each trajectery. To
illustrate the validity of this parzmeter, heat-transfer coefficients for esquilibrium

ard reactirg Ilows were calculated IZor the design trajectory 14414.1 and plctied as

a Zunction of the hypersonic, visceus intaraction parameter (fig. 11). Calzulated
values of the heat-transfer ccefficient Cy obtained from trajectories STS-2 through
ST5-5 were compared with valces frza the Zesign trajectory 14414.1. Excellent agree-
ment was obtained betwzen values obzained from the fiight and design trajectories. )
Since the normalized surface temperzture Is proportional to Cy, it follows that the
flight data azlso can be directly ccmpared with the design trajectorv 14414.1 predic-
tion using the hypersonic viscous interaczion parameter,

Nornalized surface temperatures for several locations along the midfuselage of
the orbiter (X/L = 0.15, X/L = 0.3, and Z/L = 0.4) were plotted against cthe correla-
tion parameter (fig. 12). The predictions included values for esquilibrium and veac-
ting flows. TIZigure 12 shows walues of the average surface-temperature rise across

the tiles with the catalytic cvercoat (shert dashed line). In general, gcod agre:-

~ment between the flight data and the predictions was obtained. During STS-2, the

low temperature measurement at X/L = 0.15 c. tne baseline RCS coating occurred
with a thermocouple that failed a lit:tle over hclfway through the entry :tn Earth of
the orbiter. The low-temperature measurement ror the coated tile at X/L = 0.4
during STS-2 cccurred as a result of the loss of some catalytic cvercoat.

The correlation parameter for =z11 orbiter flights is plotted as a functicn of
the time of enctry to Earth from 121,320 m (fig. 13). Alsc, angle of attack and roll
angle are shown on the figure. These calculated parameters easure thet the flight
datz are compared at simjlar Ilight conditions without large deviations in angle of
attack or roll angle. Four cages of lamin»r flowv conditicns were chosea to cocmpare
norzalized surface-temperature distributicns along the midfuselage znd wing with
predicticns using the design :rajeczory 14314.1 (f1gs. 14 through 15).
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Midfuselage Heating

Figures 14(a) through 14(d) show normalized surface temperature as a function of
distance along the orbiter midfuselage centerline. Boundary-layer computations are
shown for equilibrium and reacting flows. The flight data on figure 14 include
of f-centerline corrections using the solutions outlined in reference 6. Good azree-
ment between STS-2, STS-3, and the prediction using the reacting flow is shown Zor
ail four cases. The flighr data from STS-5 appear high for the baseline RCG coating
and low for tile surfaces with the catalytic overcoat. The difference between these
data cannot all be accounted for by the 5% reduction in the total hemispherical emits~
tance measurad after flight STS-5. The difference between the STS-5 data and t=e i
predicticn is attributed to an increase in ky,; for the RCG surface coating. The
lower surface-temperature measurements at X/L = 0.2 during STS-5S and higher
surface~temperature measurements at X/L = 0.3 during STS-3 on the tiles with the
catalytic overcoat cannot be explained at this time. These data show that the sur-
face catalytic effect on surface temperature decreases with decreasing Mach number
and with increasing distance along the midfuselage centerline of the orbiter. 1Ia
figure 14(b), Mo/ = 0.0184 1includes a prediction for a reacting flow and rezction-
rate constant that varied with temperature (see fig. 6). The normalized temperature-
distribution prediction was in close agreement with the flight data from STS-2 zad
STS-3 along the midfuselage centerline.

The temperature at X/L = 0.4 on STS-5 is lower than the peak overshoot vzlue
because of the long (1.5 m) run of catalytic overcoat. However, that temperature is
still above equilibrium, which is In agreement with the theory.

The temperature distribution along the midfuselage centerline of the orbiter was &
calculated using post-flight STS-5 total hemispherical emittance and assuming a Q’
reaction-rate constant k, = 200 cm/sec for the RCG glass coating (fig. 15). il
Included on the figure are computations for equilibrium flow and a reacting flow 4
with kg = 100 cm/sec for the RCG glass coating. All computations were made for
test point M_//R_ = 0.0304. The calculations using STS-5 post-flight total hemi-
spherical emittance and increased reaction-rate constant during STS-5 agree well with
the flight data. A substantial heat reduction below the equilibrium value stil
occurs at X/L < 0.2. However, at X/L > 0.2 the reduction in heating to the sur-
face of the tiles is less between the reacting and equilibrium flows.

Wing Heating

To test for possible noncatalytic effects on the windward side of the wing, two /
tiles along the 60% semispan (Y/L = 0.60) were sprayed with the catalytic overcoat.
This test was necessary becauce¢ of uncertainty as to the origin of streamlines wet-
ting the wing surface. If the streamlines originate at the nose of the Shuttle, the
flow should be close to equilibrium because of the large distance from the nose znd
the results observed at X/L = 0.6 along the midfuselage. On the other hand, if the
wing streamlines pass through the wing-leading-edge shock, then the flow has greater
possibility of being out of equilibrium, and lower noncatalvtic heating can occur.
Streamlines from wind-tunnel tests suggest the latter possibility. . y

Because of the. difficulty in exactly computing the wing flow field, simple zwo-
dimensional strip theory was used to analyze the wing heating. Cutting the wing at
Y/L = constant yields a section shape that can be approximated by a blunted flat
plate. For heating computations, the boundary layer is assumed to flow two dimen— :
sionally over the plate, starting approximately on the stagnation line on the wizg - v
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leading edge. The surface pressure is approximated with a Newronian type of pressure
distribution. Thus, the wing pressure was approximated by:?!

> = cos? (3 - 8,) 3

where, due to the wing sweep, 9, = 50° for a = 40° and P, is the normal shock
stagnation pressure. The pressure and normalized surface temperature are shown in
figure 16. The heating computatica included a correction for boundary layer swallow-
ing effects (ref. 2).

Th2 Newtonlan pressure approximation is, of course, constant on the flat part of
the wing, but agrees reasonably well with the level of flight data, STS-3. The pres-
sure data decrease with distance as the overpressure caused by the blunted leading
edge decays toward the flat-plate value.

Figure 16 shows normalized surface-temperature predictions as a function of
distance along a 60% semispan located on the wing of the orbiter. The normalized
surface temperatures show peaks at X/L = 0.76 and 0.81, where the tiles are coated.
We note that the data for the coated tiles show a significant rise over the uncoated
tiles indicating a significant noncatalytic effect. The theory overpredicts the
catalytic overshoot but is in fair agreement with the baseline tiles. As with the
centerline data, there seems tc be a slight rise in temperature of the baseline
tiles for flight STS-5. This tendency has been discussed earlier. In summary,
the wing heating is reasonably well predicted by simple two-dimensional strip
theory. .

COXCLUDING REMARKS

Lessons learmed from the catalytic surface effects expariment'on four STS
Columbia flights flown are listed below. .

1. Low suziscz catalytic efficiency of the RCG-coated baseline tiles results in
lower heating during Earth entry for eariy £lights of the ortiter.

2. Decrease in surface temperature on the HRSI because of 1its cataiyii:z surface
efficiency was less with distance along the orbiter midfuselage and Earth entry time.

3. Total hemispherical emittance of RCG coating decreased with number of
flights.

. 4. TFesults indicate that surface catalytic efficiency (reaction-rate constant)
of the RCG coating increased with number of flights.

5. Thermal response predicticns can be made from ground-test data, design tra-
jectory, and reacting boundary-layer computation.

e note that equation (3) 1is not appiicable at the wing leading edge because
wing sweep reduces the pressure there, but it is adequate to start the boundary-layer
computation.
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6. Correlation parameter and a normalized surface temperature allow the com-
sarison of data from several flights with predictions along the midfuselage and wing

from the design trajectory 14414.1. ! I

7. Flight data confirm the noncatalytic surface effects on the wing. - i
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