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A REVIEW OF NCYEQUILIBRITY STFFECTS ARD SURFACZ CATALYSIS

OW SHUTTLZ HEATING

Carl D. Scott
NaSA Johnson Space C2ater
Yousto.., Texds

SUMMARY

This paper is & review of the noﬂééuilibrium caleulacin tecanizues developed
Yo wyacious authors over tiue past decade to predict heat fluxes to the windward
side »f the Spac= Shuttle orbiter. 7he rosults of rhese tachniquas zre compared
with measurements made on the first few flights of the Space Shuztle. The calcula-
tions attempr co account for finite rate chemistry in the shock layer around tne
vehicle and feor finitz rate catzlytic zte= recombination on the therzal protecticn
materials. Tae technigues -snsidered are the axisymmetric viscous saock layer
method, three-dimensional (3-D) reacting Zuler equation solarions cozpled wita
sxisymmetric analog Soundary layer method, and a recently ceveloped sonequili-
briun 3-D viscous shock layar method.

The comparisons indicate 2 substantial influence of nomequilibrium chemistry
on the heating to the relatively noncatalytic thermal proteztion rilass of the

orbiter. That is, the heat flux is much lower than if che flow were in equilibrium

or the tiles were fully catalytic. It is shown that all of the methods agree with =2

measurements within about 10 to 30%, depending on the location, flig=t condition,
and assumption about the catalytic recombination coefficienzs. Norme cf the calcu-
lations could predict the measurements uni formly over the eatire w“inéward centet-
line for all fligat conditions. (Until now the 3-D viscous shock laysr calculations
have only treated the noncatalytic wall.)

It is noted that for a given £light condition the temperature measured on the
orbiter tended to increase from the second flight to the fifth flight. The cause
of this increase is %5t known, but it aay be due to contamination of the surface,
causing an increase in catalycity, or to a decrease in emittance.

Nitrogen recombination was found to be significant early in the eatry
especially in areas dominated by normal saock flow such as near ~he zose. This
makes knowing the nitrogen recombination phenomena importaat. Such paenomena will
be of more importance on an aerobrakicg orbital transfer vehicle whica enters the
atmosphere at higher velocities.

It is concluded that the nonaquilibrium methodologies ave significantly
enchanced the capability to predict the heat flux for high altitude reentry, but
some improvements are still required to improve the current accuracy.
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"~ SYMBCLS
ALT =zltitude
c atom mass Ffraction
£ heat flux adjustment factors defined in eq. (2)
hr total enthalpy
k Zoltzmann constant
ko catalytic racombination speed
L langth of vehicle
T =ass o2f atcn
P PTEeSSure
q heat flux
T tezmperature
v velocity P -
VINF freestream velocity
X axial distance from nose .
YA geometric altitude

Greek Symbols

€. emittance
Y energzy transfer catalytic combinazzion coefficient

Subscripts

FC fully catalytic

N nitrogen

0 oxygen

w wall

= freestream-

ref reference condition or property )

INTRODUCTION

The Space Shuttle orbiter is a hypersonic glide reentry vehicle that spends
much of its entry time at relatively temuous altitudes in which chemical noneqmili-
brium predominates in the shock layer. Calculations have shown that both digssocia-
tion ncnequilibriumlsZ and recombinatiom nonequilibrium existl. The dissociated
nonequilibrium exists in the inviscid layer and the recombination nonequilibriwm

exists in the boundary layer. Verificazion of these phenomena has not been

directly obtained; however, these phenomena are inferred by comparing heat tramsfer

measurements with the reacting flowfield results.

Although measurements of surface temperatures on the high temperature reusable
surface insulation (HRSI) tiles have bezn made at numerous locations or the
crbiter, chis paper only addresses measurements on or near the windwar. center.ine
of the lower fuselage because predictiuns of local flow conditions
to obiain in this region.
to verify because the HRSI

sre auch easier
The presence 3f <hemical nonequilibrium was made easier
P q

tile glass coating (RCG) is relatively noncatalytic with
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respect to atom recombination and the associated dissociation energy accommodatior.
Also of great importance in demonstrating the nonequilibrium flow bebavior is the
catalytic surface effects orbiter flight experiment of Stewart, Rakich, and
Lanfranco3, whose initial results were reported in refereace 4. Prior to the
flight experimencs, predictions of the noncatalytic nature were reported in
references 1, 2, and 3 based on flowfield computations and arc jet experiments.
Besides the results reported in reference 4 other calculations have been made for
the RCG coated tiles and compared with flight measurements. Scott and Derrys usez
thez reacting flowfield/boundary layer xmethod of reference 2 with 2ez2sured energy
transfer catalytic recombination coefficients of reference 6 and compared thoss2
pradictions with flight measurements. Likewise, Shinn, Moss, and Simmonés/ compur
heat {luxes using an axjsymmetric reacting viscous shock layer code with the Zacom
bination coefficients of reference 6 and showed better agreement with flight
measurements. Recently Kim, Swaminathan and Lewisd solved the 3-D viscous shock
layer equations for the Shuttle geometry,aapd_obtained encouraging results.

TRis paper critically evaluatas the various flowfield predictioms, comparing
the results of equilibrium and nonequilibrium flowfields coupled with reacting
axisymmetric analog boundary layer solutions and the results of viscous shock laye
solutions with flight temperature/heat flux measurements near the windward
centerline for the Shuttle flights STS-2, 3, and 3.

In the comparisons with flight heat flux measurements there is concern with
two basic aspects of the predictions, the flowfield methodology and the surface
catalytic recombination phenomena. The first aspect can be subdivided iato
dynamical and geometrical characteristics, and thermophysical properties and gas
phase chemical reaction kinetics. The second aspect can be subdivided into wall
recombination rates of the basic thermal protection material, contamination issues,
and knowledge gained from the catalytic surface effects experiment. All of tkese
aspects are interrelated and the Shuttle £light does not provide an experiment in
which each aspact can’be controlled independently. Numerical simulation is capabiz
of single parameter variatiom, but confirmation of the results is difficult becauss
of flight complexities and unknowns; particulacrly, there is no measuremeat of the
caemical composition of the flow. This paper considers flowfield chemical composi-
tion effects (equilibrium vs nonequilibrium), methods of solution (two-layer
approaches and viscous shock layer approaches), and surface catalytic recombina-
tion rates, and it touches on possible contamination on the surface. The issues oZf
incomplete chemical energy accommodation of catalytically-formed excited species
and subsequent quenching are not explered.

COMPUTATIONAL METHODS AND THEIR APPLICATION

Five computational methods are considered here which are subdivided into
applications of those methods, which are further subdivided into particular cases.
These cases are surmmarized in Table 1. .

The first two methods are axisymmetric viscous shock layer metheds of Moss?
and Miner and LewislO. The next two are two-layer approaches. Rakich and
Laafranco? treated the 3-D reacting inviscid flowfield and used th: results Ior
reacting boundary layer edge conditioms. Goodrich et al.ll solved the equilibrium
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3-3 inviscid case and used their results as edge conditioms for equilibrium
bozadary layer solutions. The fifth method is the 3-D nomequilibrium viscous shock
zrat method of XKim, Swamizathan and Lewis8.

Shinn, Mcss and Simmonds! applied the Moss? metaod with variable wvall recom-
bization coefficients to the Shuttle orbiter b{ approximating the Shuttle geometry
wita hyperboleids of revoluzion fitted by Zoby 2, They presented cases for various
tizes in the orbiter entry and conciuded the following. The Shuttle flight data
inZicates the shock layer Zlow is appreciably in nonequilibrium down to an altitude
of 30 km. Scott's extrzpolated recombination rates® used in their viscous shock
laver calculations result in good agreement with flight dara forward. but not aft,
on the vehicle. Better agreement afz is obtained if = 100 cm/sec is used. The

temserature of the surfice during entry is 80 to 200 K less than if it were fully
cazzalytic.

Gupta, Moss, Simmonds and Shinni3 sizidarly applied the Moss? method with
various recombination coefZicients amd for a range of angle of attack of the
orsiter. They found that &z £5° variation in angle of attack does not affect the
nozaquilibriua heating appr2ciably at 75 and at 48 km altitudes. The temperature
de>ndence of the oxygen recombinatiom rate is not as steep as an extrapolation of
Sccee's® data indicates. They concluded that a value of k g = 200 cm/sec seems to
yield better agreement with the flignt measurement of heat flux at certain
locations and flight regimes. A 49T reduction in heating due to nonequilibrium
effacts was noted im the nose region at X/L = 0.025 and 75 km altitude. Nonequilib-—
ri-m 2ffects on the heating are not significant below about 65 km even though the
flew may not be in equilibrium, indicating that equilibrium boundary layer methods
or heating correlations of the type suggested by Rakich et al.4 may be useful.

The method of Rakich and Lanframco? was applied by Rakich, Stewart aand
Lanfranco® to calibrate the results of an approximate metaod that uses equilibrium
normal shock isentropic houndary layer edge conditions im lieu of the reacting
variable entropy edge conditions. This approximate method was then used to infer
kyp of the reaction cured glass (RCG)~-coated high temperature reusable surface
insolation (HRSI) tiles and to infer of the iron-cobalt-chromia spinel (C742)
cozring used in the catalytic surface effects flight experiment tiles. They
inferred that k5 = 80 cm/sec and assumed that k y = 0.3 k_g for RCG at Ty cf abour
1i60 K. Their catalytic surface effects experiment . -moastrated that the flow is
indeed in chemical nonequilibrium. Rakich's method was also used by Scott? with
temserature dependent recombination coefficients inferred from arc jet measure-
mezzs.8,14 He used the reacting boundary layer code BLIMPK developed by Bartlett
and Zendalll5 and extended by Tong, Buckingham and MorselS. This method resulted
in aigher heating than measured on the nose of the orbiter, but tended to predict

or inderpredict the heating on the midbody. These results are presented here for
comparison with other results.

Reacting boundary layer calculazigns were made with equilibrium edge
cozditions provided by Goedrich et al.1il along with different wall recombination
assemptions. These results are presented here.

Miner and Leqislo axisymmetric, reacting viscous shock-layer code was applied

wizh various catalytic wall assumptions and those results are likewise presented
here.
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The fifth ccaputational method considered herein for norequilibrium flow
calculations applied to the Space Shuttle was presented by Kim, Swaminathac and
Lewis®. That receat paper addressed the windwzrd side of the Space Shuttle,
applying the 3-D aonequilibrium shock laye: mezhod with noncatalytic boundary
conditions. Their windward centerline results for two points in the STS-2 trajec—
tory are presented here.

MEASUREMENTS OF R¥AT TuTX T3 SHUTTLE

Surface temperature measurements of several iastrumented HRSI tiles, distri-
buted along the lcwer surface of the orbiter, are considered in this paper. The
flights considered are STS-2, 3, and to a limitad extent STS-5. Trajectory
information was obtained from acceleration measurements on the orbirer and from
atmosphere models calibrated by atmospheric soendings. The resulting best
estimated trajectsries (BET) were obtained from the Johnson Space Center, Mission
Planning and Analysis Division. Heat fluxes were ianferred from the measured
temperatures by ccmputing the corrected radiation equilibrium heat flux

q = 1.06e aT,* £ (1)

The factor 1.06 accounts for the fact that the thermocouples lie about 0.38 mm

beneath the surface coating and for conduction in the tile. This factor was

obtained from the method of Williams and Curryl? who inferred hear fiuxes from

temperatures using an inverse thermal wath model fcrmulation*., Over the range of P
time in the trajectory and temperatures considered inm this paper, a2 correction T
factor of 1.06 is accurate to within 2 or 3 percent.

When comparing the measurements of one flight with amother or when comparing
calculations with measurements it is necessary to adjust the heat fluxes to account
for differences in freestream conditions. Since the hypersonic stagnation point
heating is approximately proportional to (p/preg)l/2 (V/Vref)3 all points were
corrected by the ratio of that factor for the two freestream conditi-ns, i.e.,

£ = (el pwref)/? (Va/Vuores)d (2)

The flight BET and the flight heating rates are usad as reference conditions when
flight measurements are compared with calculations. The heat fluxes are then pre-—
sented in absolute units as obtained from equatiom (1). The factor f is probably
accurate to within +3%7 as verified by a comparison of calculations using the Miner
and Lewisl0 code. All the comparisons were made for an angle of attack of about 40
degrees.

To determine the consistency from flight to flight the bottom centerline heat
flux measurements for STS-2, 3, and 5 are compared at three different times in the
flights as shown in Figures 1, Z, and 3, r23pectively. The corresponding free-
stream ccnditions are given in Table 2. It is seen that the flight-to—flight
repeatability is about 15-30Z and the standard deviation about the mean at each Z/L

* The author is grateful to S. D. Williams of Lockheed Eungineering and Management
Services, Co. for calculating the heat flux for this determination.



is about +10%7. The STS-2 heat fluxes are consistently lower than the other two
flights at alwost all locations. The reason for this is not understood, but iz may
be related to a change in catalycity resulting from contamianation of the surface or
to a change in emittance. The heating rats correction for these cases is ro larger
than 57 as seen in Table 2. The measuremen: at X/L = 0.595 secne anomalously low

and therefore, it may be a bad measuremeat. The rather iarge discrepancy ia t:ze

@easurement for STE-2 compared with the other two flights at X/L = 0.14 also is aot
understood. ’

SHUTTLE CENTERLINE PRESSURES

Pressure ameasurszaents durirg the time of high heating on the orbiter were

obtained only during STS-3 and 5. Thase measurements normalized by P_V,Z are
presented in figure % along with values calculatid by three methods. It is seen
that the flight-to-flight repeatability is very good at almost all locations. The
preéssure decreases very rapidly in the forward 10Z of the vehicle then remains
almost constant from X/L of 0.1 to 0.4, rieing slightly act X/L = 0.8. The 3-D
flowfield calculations of Rakich and Lanfranco? and Goodrich et al.> agree wita the
measurements within zbout 5I except in the vicinity of X/L = 0.1 where the calcula-
tions are about 23% higher than the measurements. Likewise, the calculations using
the Miner and LewislO code agree within about 5% except at X/L = 0.1, where the
agreement is within about 9%. The large discrepancy at X/L = 0.1 may result from
an experimental error due to a negative bias of unknown amount!8. The instrument-
ation and s’ _aal processing of the pressure measurements only result in positive
readings. The existezze of a negative bias was indicated by a measurement that did
not exceed zero until a time later than expected for the flignt condition. See
reference 18. If the error associated with the negative biss is szall, them the

calculations appear to be in error a: X/L = 0.1. Although 3 diract comparisoan cf
the geometries has not been osade, it is possible that the geometry descriptions in
the flowfield codes do not ‘adequat

ely describe the vehicle as actually built;
otherwise these codes do not adequ

ately haandle the rapid expansion around the nose,
overpredicting the pressure (and heat flux) near X/L = 0.1.

HEAT FLUX COMPARISONS

Ir the following -omparisons the author has used the rasults of others and in
sone cases has used tne method of oth-rs to make present calculations. In Lhess

cases the author is responsible for auy error or misapplication of the method, no:
the Jevelopers of the nethods.

Equilibrium and Nonequilibrium - Two Layer Methods

It has been shown in the past that the heat

flux predicted by equilibriua
calculations and by reacting

calculations with a fully catalytic wall are approxi-
mately equal. To verify this for the two boundary layer methods cosidersd here
comparisons rre made between equilibrium resvlts of Goodrich et al.1l and' the
results obtained using the Rakich and Lanfranco? method.
are given in Table 3. 1In figure 5 the Goodrich e
with two nonequilibriua boundary layer cases with

The freestream conditions
quilibrium prediction is ccmparec
fuily catalytic walls. (Fully
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catalytic here means Vg = ¥ = 1, vis-a-vis kg, = ®or Cgy = Cyy = 0.) The =dge
conditions in the latter two cases are Goodrich equilibriua and Rakich and
Lanfrancc nonequilibrium. Given the same edge conditions it is seen ~hat the
equilitriuvam boundary larer calculation is abcut 15% lower than the all-nonequili-
brium caleulation sver the entire length of the vehicle. Evidently, the transport
of chemical envrzy by diffusion is more efficient in this case than via cocversion
of chemical enmergy =o thermal energy hicn is then transported to the wall via
conduction.  Tha ops

Sre
rium

viscous shock layer resulted ir higher heating than the equilibrium catzlytic
wall noneguilibriun case.

The comparison of thz reacting boundary layer with equilibrium edge conditions
varsus reacting edge conditions indicates that on the nose there is very iittle
difference between the two cases, whereas on the midfuselage che nonequilibrium
edge conditions resclts in about 15% lower heating.

The nonequilibrium edge case
with a fully catalytic wall is very close to the all equlidrium calculaticn aft

X/L = 0.2. The latter agreeaent does not stea from tine flow approaching
equilibrium downstream because the equilibrium nitrogen atom concentration both
the edge and in boundary layer is greater than the nonequilibrium concentration
a factor of 3dous 1.2 in this cass. Moreover,
bouncary layer is wirtually frozen.

ot

at
by
it was shown in reference ] that the

A comparison of the axisymmetric reacting viscous shock layer mechod of Miner
and Tewis!? and the reacting two-layer approach of Rakich and Lanfranco? is made in
figure 6 where the nonequilibrium boundary layer result for a fully catalytic wall
lies above the viscous shock layer results by about 20T on the nose. Agreement
improves to within about 11% at X/L = 0.55. The effect of edge conditions is about
197 cr less everywhere for a fully catalytic wall. The results for a ncncatalyric
wall are givean in figure 7 wiere it is seen that the boundary layer neat flux is
about 30% zreater than the viscous chock layer heating on the nose, but imprcves to
about 10% at X/L = 0.55. Agreement of the reacting viscous shock layer resusts acd
the reacting boundary layer with equilibrium edge conditions is within ab~ut 103

" everywhere along the body. The equilibrium edge condition results fall balow the
norlequilibrium results on the nose, but they are very cluse farther aftr.

-Attention is now turned to a comparison of the axisymmetric viscous shock
layer method of Moss? as applizd by Shinn et al.7, and the two-layer method of
Rakich and Lanfranco? applied here for a lower velocity and altitude situatiom.

It is seen in figure 8a that the axisymmetric nonequilibrium viscous shock-layer
with equilibrium catalytic wzll (ECW) and the equilibrium ‘riscous shock layer agree
quite well (within about 5%). They also agree quite +vell with the Goodrichll
equilibrium two-layer result. It is seen that the fully catalytic romequilibrium
two-layer results are greater by about 10-20% which is the same as noted fer case
1. Agreement in figure 8b for the noncatalytic case is worse than the two-layer
results, beirg about 20-407 higher than the axisymmetric viscous shock_ layer
results of Shiun et al.’ and present results using the Miner amnd LewislO coce. The
jatter results seem to indicate that heat transfer by atom diffusion is mcre
important in the viscous shock layer. This is consistent with the somewhat higher
degree of dissociation, especially the nitrogem, associated with the viscous shock
laver calculation. The reason for the differences in atom f-action in the two

methods is not understood since the reaction rates used in both methods were
essentia’ly the same.
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The recent 3-0 ncnequilibrium viscous shock laver resulcts with a noncatalycic
wall are also given in figure 8b. The heat flux at X/1 = 0.1 i5 closer to the
axisymmetric VSL results, but does not decrease as rapidly Zownstresa. In fa:t,
tar 3-D results are higher than the two-layer results afr of %/L = 0.2. The
chemical reactiun modell? in all the methods is virtually tze saze, {except ions
are neglected in the Rakich and Lanfranco methcd). Therefor=, the differenccs seen

are most likely du2 to differences in the comrutaticral method or the geometry.

Comparison of Measured and Caleulztaed He-:z Flux

Attention is cow rurned toward a comparison of the calzulated heat flux and
the measured values along the lower surface ceaterline The :coaparisen is at two
times In each of two flights. The particular times were £.- ected to match rhe
velseicy and densitv as closely as practicable to the conditions used in the bSound-
ary layer predictions for cases 460 and 63) in Table 3. It 38 not possitle to
sinultaneously match both velocity and density. The resultizz zezat [luxes wera
adjusted for the mismatch by the factor f of equation (2). As menticnel earlie-
the measured heat fluxes were inferred from the measured trzseratures ising

2quation {1} where € = 0.85.

3

Several choices of catalytic recombinaticn coefficients ware used as wall
boundary conditions for the two layer and the axisymmetric szock layer calcula-
tions. The energy transfar catalytic recomdination coefficiznzs for nitrogen and
oxygen recombination on the RCG tile coating are presented iz figures< 9 and 10,
respectively., The coefficients presented are those found in refsrences 6, 7, and
12. 1In those cases where a cataliytic speed k, was given the recombination
coefficient is plotted as a dashed line, the lengta of which indicates the teapera-
ture range over which k, was used, where

= ¥ rZrm/k‘];
q W ‘ /

It is seen in figure 9 that the izferred values of x,n of reference 4 are ” ] tc
0.2 rimes the values of reference 6. ThLis lack of a;reement is not surprising
since kwy was assumed to be 0.3 times k_, in reference 4, The valves of ko (see
figure 10) of referances 4 and 6 agree within experimental accuracy at the higher
temperature range. At lo r temperatures kg0 = 80 cm/sec is about a factor of
1.5 to 8 higher than the ex<trapolation of reference 6, depencding on temperature.

Extrapolating to such a low temperatuire could Ye inaccurate, bu: the extra-
polation is generaliy consistent with other recombination measurevents (see figure
6 of reference 4). Since the temperatures measuraed on the Shuttle fell zestl- in
the lower temperature range 900-1100 X, the predictions of neat flux using the
k,c = 80 cm/sec would result in higier heating except on the scse or zarlier in
time whe.e the nitrcgen carries a larger part of the dissociation energy.

A comparison is made in figures 11-14 beuween the measurements and several
calculations for STS-2 and 3 at i(wo times in the trajectories. The measurements
are naar the bottom centerline of the vehicle evcept for a few points thar are sbout
1.3 m off the centerline. This comparison between the calcuia - sns ind the measure-
uwents is typical for all times and both flights. in the higne. :lritude cases
(figures 11 and 13) the viscous shock iayer methuds with the zemperarure depencéent
values® cf "5 and 7y yield better agreement for /L < 0.3. The mwo laver method
with x5 = 80 cm/sec alsc agreas wi'h the meiasurements st /L - 7.35. it the lower
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altitude (figures 12 and 14) the two-layer methods yield Detter agreement for
X/L >0.2.

In the higher altitude cases (figures 11 and 13). =ne ~onequilibrium
axisymmetric viscous shock layer methods with che temswrat.re dependent Yy and Yy,
yield good agreement at X/L<0.3 and the ronequilibrium twd layer methed with

= 80 cm/sec and kyy = 24 cm/sec yields good agreemear Zor %/1. €0.5. For the
lower altitude case this two-layer approach yields better azgreemert for X/L >0.2
than the axisymmetric viscous shock layer methods. The nozequilibrium two-layer
method using temperature dependent Y and Yy results are a3out 30% higher than the
measyrements on the nose area for all cases presented here, but the agreement
improves toward thc mid-venicle and at i.vor altitude. It is apparent *hat the
two-layer approach predicts higher heat fluxes for given wall boundary conditions
than the viscous shock layer approaches. This may be due ia, part to the VSL having
a slightly higher level of dissociation as well as to differences in the flowfield
dynamics.

In comparing the 3-D nonequilibrium calculations of Kim, Swaminathan and
Lewis® with other noncatalytic predictions, one sees that the heat flux does not
decrease as rapidly down the vehicle as do the axisymmetric viscous shock layer
calculations and the two layer calculations. This indicates a possitle influence
of geometry and cross flow that is more adequately accounted for in the 3-D viscous
shock laver model. 1In figures 1l and 12 the 3-D viscous shock rayer results of
reference 8 tend toward better agreement with the measurements than the other
calculations aft of X/L = 0.6. This 3-D approach should be further investigated
with appropriate finite rate recombinaticn coefficients.

The increase in measured heat flux abeve the calculations on aft half of the
vehicle and especially for the later flight may also have acher explanations. The
increase cculd be due to increasing recombination rates, but that would be incon-
sistent with the mearurements on the forward part of the venicle unless the aft is
contaminated with a catalytic materizl. This is possible because the adhesive used
to bond tiles to tha structure contains various metal oxides, particularly iron
oxide which is known to be righly catalytic. .

The two-layer methods have bean used to calibrate faster and more flexible
codes to provide heat fluxes and other pcoperties over a wider range of coaditions
than for which the two-layer methcds were applied. The nonequilibrium resulcs of
Rakich and Lanfranco® have been used by Rakich, Stewart and Lanfranco* ard by Scott
and Derry?. One of the weaknesses of these applications is the inability to
properly account for variations in the flowfield chemical composition as parameters
cuch as the angle oi attack, freestream dedsity and velocity differ from the few.
cases availaoble from the 3-D Fuler solutions. The axisymmetric shock layer codes

have tae advantage that they are mcre flexible in running cases because of their fast

computaticn time. fupra et a1.13 investigated the influence of smali variations in
angle of attzck on the nonequilibrium heating and found the influence on heat flux
to be small. A larger perceatage variation was observed for Tower velocities.

This may be due te greater temperature sensitivity of the lsvel of oxygeu dissocia-

tion at lower temperatures rising in the lower altitude case. Small charcges in the
component cf velocity normal tc the shock wave associated with the change in angle

of attack result in temperature changes in a range in which the nxygen dissociation
is very seusitive. However, sipece the general sensizivity of absclute heat flux to
zngle of attack is small, the approximations made irn referesces 4 and 17 should not
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be very significant in this regard.

The disadvantage of the axisymmetric viscous shock layer methods is that they
are only capable of handling bodies of revolution and they rely on angle of attack
simulaticn via changing the body profile. Cross flow or transverse body curvature
is therefore quite limited. Fortunately, for the present work this has not been a

strong limitation but it may explain why there is disagreement with measurements on
the aft of the vehicla.

The 3-D viscous shock layer approach does away with those approximations, but
cuffers from the requirement of a shock shape as input (as do the axisymmetric
viscous shock layer solutions). The 3-D version has ouly receatly been developed

and will require further work to compare wita measurements before its adequacy will
be known. L

The 3-D inviscid solution method coupled with boundary layer solutions
requires very much computer time to obtain the inviscid flowfield and requires
assumptions about how far into the inviscid flow from the body to go to obtain
boundary layer edge conditions. Choosing the bouadary layer edge too far into the
lower entrcpy flowfield will result in heating predictions that are too high. This
may be the reason that the two-layer methods predicted higher results than the’
axisymmetric viscous shock layer method for the noncatalytic case at X/L>0.02 and
for the fully catalytic case at 0.92 <X/L <0.2. The noncatalytic case is more

sensitive to the dissociation level which is higher in the flow from the normal
shock region.

Inferring catalycic recombination rates from the flight measuréments is made
difficult €or several reasons. First, the flowfield is composed of oxygen and
nitrogen atoms in varying amounts according to the vehicle trajectory and locatioa
on the vehicle. If one chooses a lower velocity condition where very Tittle
nitrogen is dissociared then it may be possibla to infer k,0- However, we have
seen a flight-to-flight measurement uncertainty of at least 15% and pradiction-to-
prediction variation of the same magnitude. Heating uncertainties of this
magnitude result in k, uncertainties on the order of a factor of 5 (see reference
13). Therefere, such a procedure should be used with great caution. This
illustrates the need for careful ground exneriments or great fidelity in the flight
heat flux calculations to obtain accurate recombination coefficients. The ground
measurements of Scott®,14 a5 with any ground measurements, require either precise
heat flux calculations and/or a reliable reference surface with which to compare
the heating. Even then accurate results are difficule. Fortunately only

moderately accurate recombination coefficients are required to calculate reasonably
accurate heating rates.

To ascertain the nitrogen recombination coefficients from flight measuremeats
is almost impossible without knowledge of the coefficients for oxygen because the
oxygen atom is always an important species in the flow whenever there is any nitro-
gen dissociated. If the flowfield and kyn were known accuiately as-.a funccionm of

Ty then it might be possible tc infer kyy. '

Heating to Highly Catalytic Tiles

Attention is now turned to the results of the Ames Research Center's catalytic
surface effects orbiter experiment3,4., Not only did this very significant
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experiment demonstrate the noncatalytic nature of the RCG coated tiles, but it also
may glve some clues as to the variation of dissociation in the boundary iayer and
the wall recombination rates. On STS-2 two tiles were painted with a highly cata-
lytic material, iron-cobalt-chromia spinel (C742), developed by Stewart et al.” at
1he Ames Research Center. The predicted and measured heat fluxes in the vicinity
of the rwo C752-coated tiles on the bottom centerline of the orbiter during STS-2
resntry are given in figures 15 and 16. The measurements were obtained at

475 sec after 122 km altitude was reached. At the forward location near the nose,
the two-layer calculation using the method and recombination rates of Rakich er al.
yizlds the best agreement with the measurements. This should be the case because
the recombination coefficients were inferred from the measurements at this location
ani approxinate entry time. Also shown is the same calculation but using
recombination coefficients obtained from arc et measurements 214, As see in
figure 15, (tne forward location), the increase io heat flux on the CP4l-coated
tile is larger for the Rakich recombination rates than for the recombination rates
of referecces 6 and 14, even though the latter rates for €742 are larger. The
reason for “his behavior is that, due to the higher RCG recombination rates of
reference 6, the boundary layer is depleted of atomic nitrogen and oxygen so that
when the flow reaches the C742-coated tile there is not as much chenical eunergy
available for transfer to the highly catalytic tile. A similar behavior is seen at
X/L = 0.4 in figure 16. Since the recombination rates of references 6 and l4
increase with temperature, the upstream edge of the Cl142-coated tile sees a high
heat Flux that decreases rapidly because of depletion of atoms ir the boundary
layer and this lead to further reduction im vecombination tate along the tile as
the temperature decreases.

The agreement between the axisymmetric viscous shock layer method and the
boundary layer method is not very good on the C742-coated tiles. The heat flux
drops much more rapidly, possibly because of more rapid depletion of atoms in the
boundary layer, than the toundary layer method predicts. Thare also seems, to be
some sensitivity of the heat flux distribution along the tile to the streamwise
nodal spacing used in the calculatiom.

CONCLUDING REMARKS

Tuis paper has attempted to evaluate the current state-of-the-art nonequili-
brium flow tools applied to the Space Shuttle. From this discussion the importance
of nouaquilibrium phenomena to the Space Shuttle reeatry heating has been assessed.
Since the inception of the design of the Space Shuttle over fourteen years ago
there have been developments in the heat flux predictiom methodologies. Initially
nonequilibriuvm and surface catalysis effects were ignored. This led to a design
that exceeded the requirements in many areas, but also resulted in an added margio
of safety in other areas that proved beneficial.

-

It was found that the heat fluxes fheasured oa the windward centerline cf the
orhiter tendad to increase from flight to flight. Roughly, 2 20% change was noted
from STS-2 to 5 at most of the thermocouple locations, indicating changes in
surface properties such as emittance or catalycity.

The nonequilibrium heat flux methods that have been developed and the
catalycity measurements obtained over the past decade have improved the prediction

875

e~

Qg .

el oy e

R
SRS

i

» .

i,

7 st bt




capability from a 20 to 100%Z overprediction for an assumed fully cacalytic surface
material to an accuracy of about 10 to 302 for nearly aoncatalytic materials, e.g.,
the RCG coating on HRS1. These methods are the two-layer inviscid 3-D reacting
flowfield coupled with the reacting hcundary layer, and the reactizg vis:ous shock
laver solutions. The application of these methods may result in less :eliance on
wind tunnel measurements which cannot simulate the high enthalpy reacting flows

associated with orbital reentry. Indeed the calculations are necessary for such a
simulation.

As the comparisons of the predictions with the measurements from the Space
Shuttle flight tests have shown, we are now id a position of refianing the predic-
tion techniques and determining those phenomena that will be of significance for

the design of future reentry vehicles such as an aerobraking orbital tgansfer
vehicle (20TV).

Although nonequilibrium calculation techniques using finite rata catalycity
wall boundary conditions has significantly improved the prediction capability, none
of the mathods yields good agreement uniformly for all locations and freestream
conditions. This points to the need for further refinement in these methods. The
3-D viscous approaches in particular should be pursued sincc the trends of the
heating profiles tend to be better than for the other methods.

Nit:~gen recombination is seen to be a very important phenomenorn, particularly
on the nssc and elsewhere at the higher velocities. This means that the accuracy
of the nitregen recowbination coefficients is important to the heat flux predic-
tions in those 3reas. Since the AOTV enters the atmosphere at higher speeds and
remains at highe- altitudes where nsnequilibriua flow dominates, the aitrogen gas
and surface reactiosns will be espacially importaat.
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TABLE 1 - METHODS AND APPLICATIONS PRESENTED IN PLOTS

Application Method Application Wall Flow Field Boundary Layer
No. Boundary Edge Chemistry
Condition Condition of 3.L.
1 Moss?  Shinm, et al/  Scottd VSLt Honeq. N/A N/A
2 L1 " Ecw* " L1 "
3 L1} " NonCata "W L1 "
i v B
4 " " Equilib. VSL Equilib. ' " .
5 Miner & Present Scoteb VSL Reacting " "
Lewisl0

6 " " Fully Cata. " [ "
7 " Ll Noncﬂta'. 1] 1) i
8 Goodrich, Goodrich, Equilib. 3-D Inviscid  Equilib. Equilib.

et alll  er a1ll Equilib.

e
L4

9 Rakich Present Fully Cata. 3-D Inviscid Nomnegq. Noneq. i’

et ali Nonegq. ’
10 " " Scott6 1] 1] "
11 " " "Noncata. " "o "

]

12 Goodrich, " Fully cata. " Equilib. "

et aill .
13 ] n SCOCtG " " "
14 " - Noncata. " " "
15 Rakich - Rakich " Nonegq. "

et alé et alA
16 Kim, et all% Kim,et al Noncata. 3-Dp VSL N/A N/A

Nomnegq.

* ECW = Equilibrium Catalytic Wall

+ VSL = Viscous Shock-Layer
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TABLE 2 - FREESTREAM CONDITIONS® FOR CORRESPONDING
HEAT FLUX MEASUREMENTS

timeP Ve
Flight sec ke /sec ki
STS-2 475 7.16
700 5.57
10%0 +.35
ST5-3 400 7.9
700 5.9
960 4.58
5TS-5 400 7.17
00 5.19
950 4.56

a £ m Coloeep)l/2 (VIV o))

b Tize from entry inTerface

< Best Estimated Trajectory

Du
g/a3

L1248
.807.4
.402-3

.394-4
113-3
617-3

.408-4
Jlua-3
L4413

a €2 z he

deg . ka 1}}&5
40.37 1,000 e 3.3
2).99 1,000 0.2 1.5
40.56 1,300 57.2 Lol
40.02  1.033 75.1 z: .8
19.58  1.037 68.2 2.2
4.7 1.032 57.6 1s.5
40.05 .998 T4.9 5.7
40.71 .250 61.9 13.2
19.19 1.076 54.0 3.4

w e - Wy )
[
&

- RN
o
~

Factor used to adjust heat flux relative ::
$T$-1 condirion, based on stagnation poinc

theory.

(Z =122 k)

TABLE 3 - FREESTREAM CONDITIONS FOR CALCULATIONS

Case No.

Method

Velocity, kn/s

Attitude, km

Angle-of-Actack, deg

Density, 4&/n3

Total Enthalpy, MJ/kg

Temperature, K

Stagnation Point Pressure, kPa

N- ie Radius, m

Hyperboloid angleb, deg

Lewis No. in Shock Layer
Present Calculations

Reference 1
Reference 16

a These freestream condifions are tre same as the one in reference

BL

75.0

41.

-~

1 2 4502
VSL BL vsL
7.62 6.6514 7.20

75.0 68.9 fs.q:

sl 40.2 40.0

3.795-5 3.974-5 9.28-5 1.81-5

29.0

197.

29.0 21.8 25.9

197. 221. 199,
2.3, 4.10 1.93
1.342 0.816 1.278
57.2 - 4C.75
1.0 - 1.2
1.4 - 1.4
1.4 - 1.4

1.253

40.20

“__
o

for STS-2 tiszes correspcading to the case nuaber and the same as .ases 2 and 3

in reference 8.

b Not applicable to 3-D ¥SL.
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Figure l.- Measured radiation equilibrium heat fluxes near

windward centerline of orbiter. Altitude = 74.7 km.
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Figure 2.- Measured radiatiom equilibrium heat fluxes near
windward centerline of orbiter. Altitude = 70.2 km.
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SHUTTLE CENTERLINE HEAT FLUX
REFERENCE IS §TS-2 VINF=4.56 «m/S ALT=57.2 km
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Figure 3.- Measured radiaticn equilibrium heat fluxes near
windward centerline of orbiter. Altitude = 57.2 km.
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Figure 4.- Measured and calculated pressures on centerline of orbiter.
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Figure 5.- Comparison of equilibrium and neneguilibrium boundary
layer calculations with fully razalytic wall.
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Fizare 6.- Comparicon of nonequilibrium 2xisymetrIc viscous shock layer

and two-layer calculations wita full? czzalytic wall.
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Figure 7.- Comparison of nonequilibrium axisymmetric
viscous shock layer with two-layer calculations
having nonequilibrium and equilibrium edge con-
ditions for nonratalytic wall.
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(a) Comparison of axisymmetric viscous shock layer and
two—layer calculations for 3TS-2 650-sec case.
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Figure 8.- Comparison of available prediction pethods for Shuttle
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Figure 1l1l.- Comparison of calculated and measured Shuttle heat

fluxes for STS-2.

t =

475 sec; altitude = 74.7 km.
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Figure 13.- Comparison of calculated and measured Shattle heat
fluxes for STS-3. t = 500 sec.
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Figure 14.- Comparison of calculated and measured Shuttle heat
fluxes for STS-3. t = 700 sec.
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