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TRENDS IN SHUTTLE ENTRY HEATING FROM f
THE CORRELATION OF FLIGHT TEST MANEUVERS

James K. Hodge
Air Force Institute of Technclogy -
Wright-Patterson Air Force Base, ‘hio

SUMARY

A new technique was developed to systematically expand the aerothe—mndynamic
envelope of the Space Shuttle Thermal Protection System (TPS). The tecImique re-
quired transient flight test maneuvers which were performed on the seccmz, fourth,
and fifth Shuttle reentries. Kalman filtering and parameter estimatiom w=re used
for the reduction of embedded thermocouple data to obtain best estimates of aero-
thermal parameters. Difficulties in reducing the data were overcome or winimized.
Thermal parameters were estimated to minimize uncertainties, and heatizs Tate para-
meters were estimated to correlate with angle of attack, sideslip, deflsczrion angle,
and Reynolds number changes. Heating trends from the maneuvers allow fo= rapid and
safe envelope expansion needed for future missions, except for some locz: areas.

INTRODUCTION

Because of the lifting capability of the Space Shuttle orbiter, its ranging
capability and the aerodynamic heating to its TPS can vary significantlx with atti-
tude and in turn with the reentry trajectory. Flight simulators for mcsz airplanes
today have fairly standardized equations’of motion in terms of linearizez stability
and control derivatives for example. No such capability existed for aerodynamic
heating. Development of a standardized procedure on flight simulators w=s and is
needed for manned reentry vehicles.

Most heat transfer data from wind tunnel tests for the orbiter were ZFairly
standardized. The ratio of film transfer coefficient to a reference stzmrmation
coefficient was tabulated as a function of angle of attack, sideslip, deZlection
angle, and Reynolds number. The wind tunnel data must be scaled to fligmr con-
ditions, however, especially when the flow in the wind tumnel was transi—3omal. Var-
ious theories to accomplish this were often buried in large programs whizh primar-
ily output temperature time histories and were not appropriate for flighr sim-
ulators or for mission planning. A simplified method (Ref. 1-2) was useZ for mis-
sion planning and was adapted and modified for flight simulators (Ref. 3-5). A
one-dimensional thermal model was used to improve accuracy for bondline —=m.eratures,
and simplified heatirng ratios were mocified to a tabulated form similar —o “he wind
tunnel ratics, or scaled ratios could bs used. An added advantage of tkiIs rproach
was flexitility for updating from flight test data.

A systems approach was used to develop the new technique for aerotZ==mcdynamic
envelope expansion of the orbiter for operational missioas at Vandenburz Lir Force
Base. A diagram of the approach is summarized by Figure 1. The systems =pproach
essentially addresses operational needs for the life of the vehicle and mot just
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needs for the next flight. Once the vehicle design was frozen, wind tunnel data
and thecry established a simulator data base for heating ratios. Tabulated heariig
ratios and a one—dimensional thermal model for several control points (Ref. §)

were programmed on the simulator at the Air Force Flight Test Center (AFFTC) zo
obtain both surface and bondline temperatures. Using the thermal model also allowed
calculation of temperatures which would be measured by existing thermocouples iz =e
TPS. Thus, not only were temperatures on future operational flights prediczed, bic
thermocouple response during transient flight test maneuvess was alsc simul=zted.

The data reductica technique for heating estimation, referred to as HEATEST, was
developed to estimate heating parameters in a manner similar to estimation of stzi-
ility and control derivatives during aerodynamic flight test maneuvers. Pushovez-
pullup (POPU) maneuvers and flap maneuvers caused sufficient thermocouple rsspons:z
«to allow aerothermodynamic envelope expansion. The POPU allowed angle of azrack
envelope expansion (heating as a function of angle of attack) needed for mare crois
range. Flap maneuvers allowed axial center of gravity expdn51on (heatlng z2s a
furction of elevon and flap deflection.). Lateral center' of gravity expansion (hezat-
ing as a function of sideslip) could not be accomplished by maneuvers. By addres=
ing the overall need for flexible and quick updating of the simulator data base,
almost identical equations for the thermal model and heating rates were used in tie
data reduction program.

The data reduction program actually became a data correlaticn program when
thermocouple data from flight test maneuvers were input. Maneuvers were designed
‘to vary angle of attack, for example, while other variables were unearly counstant.
The hzating rate at a given angle of attack was assumed to be the same, and thus ==
cor-elate. Otherwise, any hysteresis during a manuever would be due to error in tie
thermal model. Uncertainty was thus decreased by identifying this error by estime—
ting thermal model parameters. Use of a Kalman filter further minimized otZer un-
certainties due to modeling. Details of the technique are given in Referecces 3,4,3,
and 7.

Lessong have been learned by applying this new technique to thermocouple datz
from flight test maneuvers on the second and fourth Space Transportation Systems
flights (STS-2 and $TS-4). Another maneuver is also available from STS-5. Real-
gas effects, internal radiative and convective cooling, and late transition are
among heating trends which have been identified from thermocouple data, bur ﬂnly
trends from transient flight test maneuvers will be emphasized in this paper

THERMOCOUPLE INSTRUMENTATION

[

The excellent thermocouple instrumentation embedded in the orbiter TPS was
designed for typical reentry profiles, and not for tramsient flight test mameuvers- :
For future vehicles, considerations for flight test maneuvers should be emphasizet.

Surface thermocouples were installed in the TPS and covered with a thiz coat-
ing of thickness AX,. This coating was applied by hand and according to weight, it
thickness. For a transient maneuver, error in the coating thickness can cause latpe
uncertainty in the heating rate. Error in the specific heat and conductivity of Iie
coating could also cause more uncertainty. Therefore, an effective coating Thickazss
(equivalent to the surface thermocouple depth and including any significant wire hzat
capacity) was estimated during flight test maneuvers by the HEATEST program.

The coating thickness of High-temperature Reusable Surface Insulation (3RSI)
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was expected to be between 10 to 15 mils (0.025 to 0.04 cm). Estimates for coating
thickness on HRSI nave varied between a maximum of 21 mils (0.05 cm) at an outboard
elevon location (VO7T9730) to 15 mils at a lower surface locatio= (VOYT9527).

Nomex felt Flexible Resuable Surface Insulation (FRSI) ccatizg was expected tabez
around 7 mils (0.02 cm): iccation on the side of the Orbital Maneuvering System -
(OMS) pods were of primary concern because of discoloration of the FRST during the
first flight (STS-1;. Because of the discoloration, the FRSI was apparantly coatel’
again, increasing tize ceating thickness. An estimate for the FRSI coating during
the Mach 20 POPU on 57S-2 was 20 mils (0.05 cm) at one locaticn (707T9976). However.
a time skew of 3 seconds was also necessary for data correlation.

Time skews were identified as a serious problem based on eszimates Zrom sim-—
ulated thermocouple data in Ref. 3. If thermocouple samples incacrectly led samples
of the angle of attack by only one second, for example, estimates for tne HRST coa:-
ing thickness became negative and physically unrealistic. If the thermocouple lagged
by a second, then the estimates for coating thickness increased. Since the thermo-
couple and angle of attack wcie recorded on different recorders with no common clock,
there was and ¢ a concern over time skews. The actual sample tine was also unknown
within the sampling rate, which was once per second for thermocouples aad angle of
attack. -

Thermocouples were not calibrated before the first flights. Most of the erroT
associated with a calibration would probably only be in the form of a bias since
calibration curves for thermocouples are well known. Most bias errors could be
checked at ambient conditions inside the hangar within the data recozder resoluticn,
which for the orbiter was an eight-bit word. This resclution was the primary noise
source for the reduction of orbiter thermocouple data during traznsient maneuvers.
Each thermocouple was scaled according to the enticipated maximu= tepperature at its
location to minimize the resolution error. Calibration curves were then approximszed

*by polynomials and a=n additional small error was introduced.

It is suggested that thermocouple installation on future vehicles with a low-
conductivity thermal protection system be similar to the orbiter with the following
improvements. A pressure transducer, surface thermocouple, and tondline thermocouple
should be at the same location to enhance utilization of all measurements. A step
input to the installed thermocouples with a known heat source should be used tc
verify the thermal model (at least at ambient conditions). The timing of the step
input relative to the thermocouple samples is crucial to accurate estimation of
the effective coating thickness. An accurate calibration curve could be practically
used if all thermocouples of the same type are scaled identically and higher data
resolution is used. Raw-data reduction would be simplified at the ~xpense of more
data storage capability. Real-time data links could possibly offse: the additional
data storage. In addition, fewer thermocouples may be necessary decause of a better
understanding of reentry heating gained from the thermocouple measurements on the
orbiter. More flexibility in installing thermocouples at critical locations, which
may not be identified until after a first flight, could also reduce the number of
measurements. Although a higher sample rate is needed during flizht test maneuvers,
a lower sample rate may be sufficient for most of the reentry. :

AR Py S e A

THERMOCOUPLE DATA REDUCTION

The reduction c¢i thermococugle data using the HEATEST prograz was first success-—
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fully demonstrated by simulating thermocouple data on a typical lower surface
location ‘Ref. 3). Thermocouple data on HRSI during a transient manewver in a winc
tuanel test was also reduced (Ref. 3, 4, and 5), but difficulty in estlmatlng ccat-
ing thickness was encountered. Thermocouple data from ST5-1 were reduvced in Ref-
erences 3 and 7, although data were lost above Mach 14 and there were no maneuvvers.
Thermocouple daza from $TS-2 and STS-4 have also been reduced (Ref. 4-5). The dat:z
reduction technique ard the lessons learned concerning the technique 2re discussed.
L)

The heating equa’ions and one-dimensional model are referred to as the heating
rodel and thermal model. These models were chosen to be nearly identical to the
simulator equations. The ratio (denoted by a bar) of the heating rate (q) or film
transfer coefficient (h) to an appropriate reference condition was assumed to De a
linear function of the form »

q=q, *+ 20‘ (a-a ) # dg (B-B.)
+ Slog RE (log RE - log RE )
* G5, (8e - Seo) + qbe (6 - 6550) {2)

where q is the magnitude or intercept at the reference conditions specified by the
zero sugscrlpt on each variable. The subscripts on the heating ratio (q) represer:
partial derivatives with respect to each variable. The variables are angle of attark
(a), sideslip (8), logarithm of the freestream Reynolds number (log RE), elevon de-
flection angle (Se), and flap deflections (6 ) Second-order terms with second-dezlv
ative parameters vere also added somtimes to account for nonlinearity. The heating
model in the simulazor was analogous_to the linear equation when the heating param—
eters q q | q Re® 9ge? and q are functions of the appropriate varxables-
For data reductlgn dur%ng manétivers, these parameters were assumed to be constant foz
short time durations, but to vary during the reentry. The heating rate was obtaine
by multiplying tne ratio by the reference heating (qr). The heating rate was input
to the one-dimensional thermal model. A typical TPS cross section for Reusable
Surface Insulation (RSI) is shown in Figure 2. The thermal-model equations weTe
solved by the same finite-element (or finite-diffference) method as on the simulator
and require initial conditions.

A simplified diagram of the HEATEST algorithm is shown in Figure 3. The MODEL
block was identical to the simulator model except the sensitivity and covariance of
the temperature at each node were alsc propagated in time. Initial conditions in
the IC block were required for temperature (U), the sensitivity (U, ) of the temp-
erature to each parameter (6 ), and the covariance (P) of the température. The
parameters (8 ) include borh thermal and heating model parameters. The p*opagated
or predicted Temperature, sen51t1v1ty, and covariance are referred to as a priori
values and are denoted by a minus superscript.

If a thermocouple measurement was available, then the a priori temperature was
compared with the measured temperature in a Kalman filter algorithm (Ref. 3, 4, 5,
and 7) which is referred to as a KALMAN UPDATE. Depending on the Ralman filter
tuning (i.e., the uncertainty in the measurement and models), the a priori values
were updated to a poster10r1 values which were donoted by a plus superscript. This
process was repeated in a TIME LOOP until the end of a given time segment.

A Newton-Ralphsor. algorithm was then used to update heating and thermal pzra-

meters in the PARAMETER UPDATE block to satisfy a maximum likelihood fumction for
each parameter (Ref. 3, 4, 5, and 7). With the updated parameter, the TIME LCOP
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was repeated. This process was repeated for a fixed number of iterzzicns.

FLIGHT DATA REDUCTION ~

The HEATEST algorithm was applied to flight thermocouple iata. 3ome ¢iificulty
was encountered due to data loss, initial condition generation, and zxcessi7s Con~
puter time.

Onboard thermocouple data were lost on STS-1 and STS--, z2ad on.7 telemc=Ty
data were obtained. Therefore, the oniy flights with maneuvers and with the-moco.3ie
data are STS-2 and STS-5. Data from STS-5 were zot available in time for thZIs
paper, but do not appear to change any results. Pressure —easureme~Ts were _Ost 1
STS-2. Therefore, predicted pressures were used for determiniag RSZ conduczIwitr.
Telemetry data from STS-4 partially covered both FOPU maneuvers, but caused TOnCET
for initial conditions. y

Errors in initial coaditions were determined to be a scurce of =zrror i~ heaiing
parameter estimates based on studies with ¢inulacad thermccouple dacta (Ref. 3). I
STS-2, initial conditions were generated by rzducing all therzecounte data ITom =Ty
interface to just prior to the maneuvers at approximately Mack 21. Initiallr, the
on-board dynamic pressure and velocity were used to calculate densizy. Whern the
pitch jets fired at low dynamic pressure, a large spike was cezused Ia the dzmamic
pressure and thus in density. HEATEST estimated large angle cof attack deriw=ztives
since no input variables except angle of attack were changing. If che piteh Jjets
were input and the heating allowed to correlate with this wariable, then the Dprog-anm
should identify the error. Time segment size was increased izstead. The izZitial %
conditicns for STS-2 maneuvers snould therefore Se accurate, 3ut exc=ssive compuiir
time was required. . .

Several methcds to decrease the computer tie were implermsnted. Most oI tls
time was used to propagate the covariauce. First an adiabatic wall zype boumdary
condition was assumed only for the covariance at a few nodes from TDE surfece.
Another approximate initial condition generation procedure was based on a ciTcuit
analogy with ap yericaily determined time constant (Ref. 4-3). Finally, cld ir-
efficient libr coutines were replaced by new more efficlea: routizes (Ref- 8).
Analysis of th ach-20 POPU at a lower surface location (706T0527-%07T9531) witk
14 nodes required 440 seconds on a Cyber 74. The new routines decreased the time
to 44 seconds. Using the adiabatic wall assumption would decrease tis fure>er b
would not allow the use of all in-depth thermocouples. Approximate initial condi-
tions were generated 50 seconds prior to the maneuver and PEATEST was usad £21 ir-cia”
conditions for the POPU. The behavior of the Kalman filter at each measurement mde
was demonstratec¢ as shown in Figure 4.

TRENDS FRCM FLIGHT TEST MANEUVERS

Heating and thermal parameters were estimated during macsuvers. Estinzles .7
effective coatirg thickness have already been discussed. SQearing trends from thee
maneuvers were obtained at a few locations and are presented zC a rcint reprIseni-
ative of the lower surface, the elevon control surface and OM5 pods sn the PperT

surface.
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Lower Surface

3ecause of the data loss on STS-4, a lcwer-surface location (V09T9527~-V0773531:
witz five embedded thermocoiples was investigated. Time histories of the surface
thermocouple and angle of attack of the Mach 20 POPU during STS-2 are shcwn in
Figzre 5. Tize histories of the Mach 12 anc 8 POPU during STS-4 are shown 3= Fig-—
ures 6 and 7. Note that the pullup portion of the Mach 12 maneuver wzs unusuzlly lomy
anc that telemetry data started during the pushover, Note thet the ach & mzneuver
was short duraticn.

esults fer the Mach 2C maneuver agreed well with wind tunnel data as showm in
Fizzre 8. T:e trend in angle of attack agrees well and demonstrates that thle
linzar assumpzion in angle of attack was valid.

The angle of attack heating derivative was lower at Mach 12. This coula 32 a
Hars effect or initial condition error caused by the data loss and transitioz to
£5lly turbulez=t flow above 44 degrees angle of attack. As seen in Figure 5, the
tezzerature was higher than the simulated temperature based on laminar heatizg ra‘es
In =idition, as suggested by Hertzler (Ref. 6), the axial accelerometer meastre-
menr (axial drag) increased discretely for angles of attack above 44 degrees, typi-
cal af flow transition, and decreased back to laminar flow below 44 degrees. Thus,
sensitivity of transition to angle of attack was demonstrated.

Tze flow was fully turbulent during the Mach 8 POPU. The higher heating wmag-
nicode and larger uncertainty bound are shown in Figure 7. The higher uncertaiaty
was Iue to the short duration maneuver and perhaps to heating changes with Reynolds
number. A Reynolds number derivative could nct be estimated even when the gnzle of
attatk derivative was fixed. An alternate procedure used sequential five second
time segments. The trenc in Reynolds numbe., assuming the angle of attack trznd was
corrzct, 1is shown in figu.e 9.

Llevon Control Surface

Bzating treads were sucessfully ec*imated at a location near the tip of the
outbeard elevoa (V07T9730) for numerous maneuvers during STS-2. Time histories are
showz for the ach 21 flap maneuver and Mach 20 POPU in Figurz 10. Because tkizre
was =0 thermocouple response, the flap maneuver at Mach 16 is not shown. The xach
12 ilap maneuve- is shown in Figure 11.

Scalinear heating trends in clevon deflection angle were evident as showm Ia
Figure 12 for the Mach 21 maneuver. A second-order polynomial in elevon deflection
was rsed. The cause of the increased heating above five degrees elevoa deilection
is usznown bur could be due to a lccalized flow phenomenon or to transition to
turbaient flow. There is a nossibility that a local separation bubble would caise
the tzpersonic buffet reported on STS-4 when the elevorn schedule was five d2graes.
Becamse there w2s no thermocouple response durinz the Mach 16 mapeuver, the elzvez
hearizg derivative was zero. This result implies that the heating estimates et
Mach 21 are more nonlinear. -

Results from the Mach 12 flar maneuver for fully turbulent fiow on the elevon
are zlso shown in Figure 12. The data correlated poorly for negative deflection
anglss. A loczlized phenomenon or transiticnal flow at small deflecticns could
cause this behzvior. For enveleope expansion, the trewds at the larger deflection
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angles were of primary concern. The lower elevon heatirnz allowed for 2 trade—ulT

with the flap -ontrol surface.

Hearizg on the Ilap was lower than expected for a giten deflecticz angle, bus
ve-ause af a chift in the basie pitching mcment, larzer Zlap or elevez deflectric—s

were regiired. 7he heating on the
angle of attack, #31d elevon deflect

flap cheaged dramatic=lly with flag defleccic—,
ion duriag STS-2 nanewvers. There was also &

Reynolds aumber tiend which made data correlation very ¢Zfficult (ReZ. Y).

Orbital Maneuvering System 22C3

The srimary concern for angle o

f attack envelope exrznsion was ths upper sur:=ce,

especially the OMS pods. Time histories for the Mach 20 POPU during 3TS~-2 are sh.own
in Figure 13.. A large unexpected response accurred on tZ2 side of the OMS pod
(VO7T9975). Although z three-second time skew was necessary, the resuwlts from pz-am-
eter estimates correlate well as shown in Figure 14. The flow imping=mernt on the

pod started a: 37 degrees angle of attack iastead of at 30 degrees as in the wind
tennel. In addition, estimates in Ref. 6 from STS-4 indZcate less de=andence on

Reynolds aumber than in the wind tu

nnel. Viscal inspecrZon of FRSI discoloratioe:x

as shown in Fig. 15 indicated a different ;attarn than expected based on predictims

from wind tunnel data.

Investigation of transient maneuvers iz the wind tunoel in Ref. 1C to estimac=
coating thickness deronstrated a similarity with the OMS pod heating. A three-second

lag in tke thermocouple responsz wa
of the lower heating magnitude repo
the heating to a discoatinuity in w
an interface between different mate
test article on a flat plate in the
erature. On the CMS pod, there was
FRSI interface as shown in Fig. 15.
of the izcreased heating on the OMS

Numerous locations on the Orbit
and probably have the same nonisoth
the nose ~ap and HRSI interface whe
as shown in Fig. 16. According to
would have a rapid recovery. The n
correspoding to a FOPU on STS-5.
Mach 18. This effect should be con
for future designs.

53

s found. A Theorericz1 investigation in Ref. 21

rted in Ref. 3-5 confirmed the sensitivity of

all temperature (cr nemisothermal wall caused ¥

rials). The stainless-steel leadinz edge ana =257
wind tuznel had a steD increase iz wall temp-
a stcp decrease at th2 low-temperaIure RSI ancd
Therefsre, the tarze—second tire skew ard scme

pods mar be attrituted to the nonisothermal wzll.

er have zn interface between differ=nt materizls
ermal-wall problem. Cme such local area would De
re tilee have slumped Zue to increased heating

Ref. 11, such an irtezfac2 near the leading edze
ose cap surface temperature peaks zround Mach 738
The nonisothermal wall effect woulc be largest =at
sidered when heating cata is correlzted and al=xd
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Figure 6.- Lower-surface-plug STS-4 flight thermocouple
data with transitiom onset during Mach 12 pullup-
pushover maneuver.
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Figure 7.- Lower-surface-plug STS-4 flight thermocouple
data for turbulent flow (Mach 8 pullup-pushover
maneuver) .
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Figure 8.- Heating estimates for lewer surface plug
from STS-2/STS-4 flight thermocouple data.
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Figure 9.~ Heating comparison for ST5-4 thermocouple data
using boti; stagnation and Eckert turbulent reference
heating to show Reynolds number trends.
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Figure 10.- Outboard elevon STS-2 fiight thermocouple
data (Mach 21 flap maneuver and Mach 20 pushover-
pullup maneuver).
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Figure 1l.- Cutboard elevon STS-2 flight thermocouple

data (Mach 12 flap maneuver).
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Figure 13.- OMS pod STS-2 flight thermocouple data
(Mach 20 pushover-pullup naneuver).
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Figure 14.- Heating estimates for OMS pod
from STS5-2 flight thermocouple data
(Mach 20 pushover-pullup maneuver).
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Ffigure 15.- Space Shuttle orbiter LRSI/FRSI interfaces
with a nonisothermal wall and FRSI discoloration.
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Figure 16.- Space Shuttle orbiter nose CAP/HRSI interface
with a nonisothermal wall and slumped HRST.
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