VOL. 23, NO. 5, SEPT.-OCT. 1986

J. SPACECRAFT 453

Aerothermodynamic Parameter Estimation from Shuttle
Thermocouple Data During Transient Flight Test Maneuvers

James K. Hodge* and David R. Audleyt
Air Force Institute of Technology, Wright-Patterson Air Force Base, Ohio

Aerothermodynamic parameters are estimated from data of thermocouples imbedded in the Space Shuttle Or-
biter Thermal Protection System (TPS). The new technique of analyzing transient flight test maneuvers is based
on systems identification theory and has been applied to thermocouple data from the first four Shuttle re-entries.
The primary purpose is to accomplish a rapid and safe envelope expansion for aerothermodynamic perfor-
mance. The data reduction program correlates heating with variables such as angle of attack, sideslip, control

surface deflection, and Reynolds number.

Nomenclature

= coefficient matrices (L X L)

=gpecific heat

=residual error (vector of length M)

= likelihood function

=Kalman gain (vector of length L)

= matrix to define thermocouple location
(MxL)

=enthalpy

=identity matrix

=conditional information matrix (K xK)

=total number of model parameters

=thermal conductivity

=total number of spatial node points

=total number of thermocouples through the
TPS

=total number of thermocouple time samples

=covariance matrix (L XL)

=model error covariance matrix (L x L)

=heating rate ratio

9 = heating rate ratio intercept

q., =heating ratio with respect to (-) derivative

q, =reference heating rate

=measurement error covariance

Re = freestream Reynolds number

R, =time constant

S =score (vector of length K)

T, =freestream temperature

t =time

U =temperature field (vector of length L)

Ui =sensitivity of U to kth parameter (vector of
length L)

=free-space temperature of radiation sink
temperature

= freestream relative velocity

=error model for heat flux (vector of length L)

=spatial depth

=thermocouple measurements (vector of length
M)

=angle of attack

=angle of sideslip

=forward difference operator

=backward difference operator

=deflection angle
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=emissivity

=model parameters (vector of length K)
=dummy variable

=measurement error (vector of length L)
=density

=summation or ensemble average
=Stefan-Boltzmann constant

=spatial error model (vector of length L)
=transition matrix (L X L)

=constant

= thermal-conductivity factor

4 =effective coating thickness
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Superscripts

(+) = a-posteriori update
_) =expected value

() =a-priori propagation

™) = best estimate

-1 =inverse

Subscripts

=index of spatial node point
=index of model parameter
=index of thermocouple
=index of time step

=initial condition
=freestream condition
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Introduction

EROTHERMODYNAMIC parameters are estimated
from flight test data of thermocouples imbedded in the
Space Shuttle Orbiter Thermal Protection System (TPS).
These parameters (primarily convective heating rate) are
especially useful in expanding the envelope of the Orbiter to
allow more severe re-entries during future operational mis-
sions. Angle of attack and axial center of gravity envelope ex-
pansion are primarily of interest. Higher cross range results
from decreasing the current 40-deg angle of attack profile to a
lower angle of attack. However, heating increases at some
locations due to the lower angle of attack and also due to in-
creased Reynolds number. Shifting the axial center of gravity
aft also causes increased heating on the body flap and elevon
control surfaces due to increased deflection angles. Due to
plans for a limited number of fully instrumented test flights, it
is desirable to expand the envelope and rapidly, but yet safely,
before committing to lower angle of attack and to an aft
center of gravity. A systematic technique to accomplish
envelope expansion has been developed for aerother-
modynamics, and applied to the Space Shuttle Orbiter TPS.
Requirements for the technique include an analytical model
for the simulation of the heat transfer to a point on the TPS,
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flight test maneuvers which cause thermocouples imbedded
near the surface of the TPS to respond sufficiently above noise
levels, and a parameter-estimation program to reduce flight
thermocouple data. The analytical model is divided into two
parts, a heating model and a thermal model.

Simplified equations for convective heat rate, which will be
referred to as heating models, were in use in off-line simula-
tions for mission planning and sizing of the TPS.!* The ratio
of convective heat rate to a reference heat rate for several con-
trol points on the TPS was tabulated as a function of angle of
attack. Surface temperature was approximated by assuming
that the surface of the tile would reach equilibrium instan-
taneously with the convective heat rate, and radiate all the
heat into space. Since the TPS at most locations has a very low
conductivity, these assumptions provided a good approxima-
tion, as long as thermal transients could be neglected.

Another numerical method, referred to as a thermal model,
was used in simulations to account for conduction and for
calculation of bondline temperatures.? Effective TPS and
structural thicknesses were used in the one-dimensional ther-
mal model.* The thermal model required pressure and heat-
rate time history inputs. Time histories for the temperatures at
discrete node points in-depth through the TPS were thus
simulated.

Heating models and thermal models for control points on
the TPS were combined into one simulation, which was used
for both off-line and for a real-time man in the loop-
engineering simulator.® Heating rates were calculated by the
convective heating model. Pressure, which was used only for
thermal property determination, was calculated by various ap-
proximate theories such as Newtonian and tangent wedge, or
by wind-tunnel-derived pressure coefficients. Parametric
studies could then be conducted, especially for the transient
response of surface thermocouples imbedded under a thin sur-
face coating.

Thermocouple responses to some maneuvers which are used
for aerodynamic performance®’ were then simulated. By sug-
gesting a five-second duration hold at maximum and
minimum angles of attack during a Push-Over-Pull-Up
(POPU) maneuver, response of the lower-surface ther-
mocouples was assured and a better response was obtained on
some upper-surface thermocouples. Envelope expansion to
lower and higher angle of attack could be accomplished. A
similar flap maneuver for center of gravity envelope expansion
was also suggested.

Parametric studies were conducted with the simulator to
identify thermal parameters which would have a major in-
fluence on the heating rate at the surface of the Shuttle TPS.
Thermal parameters which were identified included the sur-
face emissivity and the effective coating depth of surface ther-
mocouples. Parameters for the heating model were chosen to
be the magnitude (or intercept) at a given reference condition
such as zero angle of attack, and derivative (or slope) with
respect to each variable such as angle of attack. Thermocouple
samples were simulated during POPU maneuvers using
manual piloting techniques. The simulated thermocouple
samples were distorted with noise and with errors in the
parameters.

A data-reduction program for the thermocouple data and
transient maneuvers was developed and referred to as heating
estimation. The heating and thermal models were used to
predict the expected thermocouple responses with initial
guesses for parameters. A maximume-likelihood criterion with
a Newton-Raphson iteration was then used to obtain a best
estimate for the parameters. However, since thermocouple
measurements are not available for all state variables or
nodes, a Kalman estimator was also required for updating the
temperature at nodes where measurements are not available.
This heating-estimation technique was proven’ by using
simulated surface thermocouple data. The program was also
applied to thermocouple data for a High-Temperature-
Reusable-Surface-Insulation article (HRSI) in a wind tunnel
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test,® and also to telemetered thermocouple data from the first
Space Transportation System (STS-1) re-entry of the Orbiter.>
No flight test maneuvers were performed on the first flight,
however.

The first flight test maneuvers were performed on the sec-
ond Shuttle re-entry (STS-2). A POPU maneuver was per-
formed at approximately Mach 20. Three flap maneuvers were
performed at aproximately Mach 21, 16, and 12. Analysis of
lower surface HRSI thermocuple data from an on-board
recorder was successful at numerous locations.®!'® Results
were also obtained at a point on the outboard elevon surface
(HRSI) and on the Orbital-Maneuvering System (OMS) pod
on the upper surface, where nomex felt Flexible RSI or FRSI is
located. These points were important for envelope expansion,
and their results from the heating estimation will be presented.

No flight test maneuvers of interest were performed on the
third flight (STS-3), and two pull-up-push-over (POPU)
maneuvers were performed on the fourth flight (STS-4) at ap-
proximately Mach 12 and 8. Unfortunately, only telemetered
thermocouple data which began during the Mach 12 maneuver
were obtained. Data from a plug of five in-depth ther-
mocouples in the TPS at one point on the lower surface have
been analyzed by the heating estimation program for the first
time for these maneuvers. Angle-of-attack derivatives for both
laminar and turbulent flow are estimated. Thus, Reynolds
number trends and derivatives can be estimated.

The aerothermal parameters and the mathematical equa-
tions for the heating and thermal models will be summarized
first in the next section. These parameters and equations are
used in the simulator and in the heating estimation program.
The systems identification theory used in the heating estima-
tion technique is verified using simulated thermocouple data
with known parameters. Then, results from flight test
maneuvers from the second and fourth Space Shuttle flights
are presented for three locations.

Heating and Thermal Models

Both the flight simulator and heating-estimation program
require suitable simulation parameters and equations for the
aerothermodynamic performance of the TPS. Since the Or-
biter TPS has a low conductivity and most of the heat is
radiated, the heating rate at the surface is assumed to be in-
dependent of the surface temperature. This implies a one-
dimensional thermal model in which heat is only conducted in-
depth through the TPS, and that the boundary layer state
reaches equilibrium instantaneously (thus the heat rate does
not directly depend on the surface temperature upstream).
Definition of a film-transfer coefficient is not necessary or
desirable at high Mach numbers since the wall temperature is
much smaller than the stagnation or adiabatic wall
temperature, thus avoiding the introduction of a recovery fac-
tor. Therefore, the heat rate or heating model can be
calculated and input to the thermal model.

The heating rate depends upon the vehicle trajectory and the
atmosphere.'"12 This dependence is partially accounted for by
nondimensionalizing the heat rate by a reference heating rate
on a one-foot radius sphere.!? The reference heating (g, ) for
the Orbiter is given by

G, =17700 p., (Vo /10°)397(1 = h,,/hy) (1a)
h,/hy=1q,/(0e) 1%/ [Ty + 2 V2 /] (1b)
The English Engineering System of units is used, where the
heat rate is in BTU/s/ft?. The ratio of the heating rate (g) to

the reference rate (g,) was usually assumed locally to be a
linear function of the form

q=q4/4,=qo+q, (a—ay) +q5(8—Bo)

+qgr.(Re—Rey) + 5. (8, —8ep) + @sp (8p5 — ) )
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where g, is the magnitude at the reference conditions specified
by the zero subscript on each variable. The subscripts on the
heating ratio (g) represent partial derivatives or slopes with
respect to each variable. Note that the heating model is linear
in the parameters. For a short time segment, these parameters
are assumed constant. Other functions can be substituted, as
long as they are linear in the parameters. Another form of
equation which will be used to account for nonlinearity on
the elevon is

q:q0+qa(a—a0) + quaa(a—ao)2+qée(5e—6eo)
+ %qéeﬁe (6e —Be())2 (3)

These magnitude and derivative parameters are appropriate
for linear estimation.

Once the heat rate to the TPS -surface is specified,
temperature through the tile can be calculated by the thermal
model. A typical TPS cross section for reusable-surface-
insulation (RSI) is shown in Fig. 1. The TPS was split into
small elements of length (Ax) for a total of L node points.
Blocks A through D represent different materials with thermal
properties which vary with local temperature and pressure.*
The convective heat rate (¢g) is input to the surface node
(i=1). The surface radiates heat away and conducts a small
amount into the TPS through the thin coating of thickness
Ax, or Ax;. The surface thermocouple is located at node
(i=2). The interior of block B with effective thickness (Axy)
is divided into elements of equal thickness (Ax;). If additional
thermocouples are imbedded, the distance between each is
divided into elements of equal thickness so that a node cor-
responds to the thermocouple location. In block C, the RSI is
bonded by room-temperature-vulcanizing (RTV) adhesive to a
nomex felt strain-isolation-pad (SIP), which is bonded to the
structure by RTV. In Block D, the effective structural
thickness and heat sink complete the one-dimensional cross
section. An ordinary differential equation for the temperature
(U;) at the ith node point was obtained from an energy
balance for each element. A system of L linear differential
equations results and is of the form

[{epidx;+¢imypi_ Ax;_ )/ 2V U= (ki_ oy /Ax;_)U;
— (ki /Ay /A Ui+ (ke /8% Uy
—oe;_ (U= Ul —oe;, (UI-Ut ) +4; C))

Coefficients with subscripts which are less than one or greater
than L are zero. The radiation and heat rate terms are zero, ex-
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Fig. 1 TPS model cross section.
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cept at the surface and backface nodes. The radiation sink
temperatures (U, and U, ) are specified at the surface and
backface. The emissivities on the side of the element (¢;, and
€;_) were zero except at the surface, backface, and
honeycomb nodes. Given an initial condition (U,), Eq. (4)
can be solved numerically by approximating the time
derivative with a first-order backward difference given by

U=[U(t,)~U(t,-1)1/ 91t &)

The resulting system of implicit difference equations or matrix
equation must be solved simultaneously. The surface-node
equation with the nonlinar radiation terms was solved with a
Newton-Raphson iteration and extrapolation scheme.? A
tridiagonal algorithm solved the remaining difference
equations.

Numerical solution of Eq. 4 resulted in an accurate simula-
tion of surface and bondline temperature. Time steps and
spatial step sizes were reduced to investigate accuracy. A
spatial step of 0.00833 ft insured accuracy. Time steps up to
one second were acceptable. Larger time steps could be used if
transients were not significant.

Estimation of thermal parameters also becomes possible
during a transient maneuver. Although numerous parameters
could be selected, only parameters which affect the heating
derivatives were selected. In addition to the heating
parameters, the thermal parameters currently include an effec-
tive thermocouple depth or coating thickness (Ax, ), the sur-
face emissivity (¢), and a conductivity factor (®5) for the RSI
conductivity in block B. A vector of all current parameters (8)
is chosen to be

0=1qy 9o 95 Gre 9se Doy DX4 € Pg] T 6)

In subscript form, each parameter is referred to as 6,. The
primary purpose of the heating estimation program is to ob-
tain best estimates of these simulator parameters during tran-
sient flight test maneuvers.

Parameter Estimation

Parameter estimation is accomplished using system iden-
tification theory.!® Since all states are not measured, best
estimates of the temperature at each node are obtained by an
extended Kalman filter. Best estimates of parameters are then
obtained by maximizing a likelihood function for each
parameter. The solution algorithm and program are referred
to as HEATEST. A simplified flow diagram for HEATEST is
shown in Fig. 2. Each of the blocks will be summarized.

Initial conditions (IC) for HEATEST are required for the
solution of Eq. 4 (MODELS block). In addition, initial condi-
tions for the sensitivities and covariance of the temperatures
are required. An initial condition for the temperature vector
(U) at a time segment start time ¢, is given by

Ulty) =U;+7,(x) )

where U, is the initial temperature vector and the initial error
(7;) has a covariance matrix P with components

P;=6LU (15) U; (1) Ry 3
The error model for the stochastic process (7) was assumed to

be stationary and spatially distributed with zero mean and
covariance and given by

J
Ry=exp( L R.0,) (92)
P=i

R = pcAxi/k, (9b)
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Fig. 2 Simplified HEATEST flow diagram.

The initial model error covariance matrix (Q) uses the same
spatial correlation and is given by

(¢%ne+¢12,,,)R,-jU%:Q fori=j=1
Qij =< @™ ¢3,,e + d)lsz,-jU%:Q fori=; #1 (10)
$L.R;Ukq for i=j=1

where Ugg is an equilibrium temperature calculated from g,
assuming no conduction. The constants ¢,,, ., Dp,s and ¢,,,
are respectively the spatial correlation between nodes, devia-
tion in initial temperatures, deviation in heating rate at the
boundary, and deviation in heat flux due to model error.

The initial temperature vector U, is specified by one of three
ways. The temperature distribution is specified by some pro-
file such as a constant based on on-orbit conditions. Initial
conditions at the beginning of a time segment may be specified
from the output of a previous sequential time segment. The
third way, which is more efficient, is based on the radiation
equilibrium assumption and an empirically determined R,
time constant. The circuit analogy is used to calculate an
equilibrium temperature

Ug (1) =gY,(¢,) — (g—1}Y,(1,_1) (11a)
g=1/[1—exp(— Vt/R.)] (11b)

where Y, is the surface thermocouple measurement. The heat
rate is calculated from the radiation equilibrium temperature
Ugg and input to the same algorithm used to propagate
temperature (Eq. 4). This procedure works well for generating
approximate initial conditions for temperature.

The initial condition for the sensitivity (U,) of the
temperature of each parameter (4,) is assumed to be zero.
The 8 subscript denotes partial differentation. For sequential
time segments, the sensitivities at the end of the previous seg-
ment are used.

The temperature, covariance, and sensitivities are prop-
agated to the next time step using differential equations for
the TPS (MODELS block). The temperature is propagated by
Eq. (4) using the same numerical solution technique as the
simulator to obtain an a-priori expectation, U(¢;). The minus
denotes the expected temperature prior to availability of a
measurement, whereas a plus denotes an updated temperature
after comparison with a measurement. Differential equations
for the sensitivities were derived by taking partial derivatives
of Eq. (4) with respect to each parameter (6,), and
quasilinearizing nonlinear terms. The resulting equations are
of the form

Ugie = C Ui + Dy (12)

Equation 12 is solved readily for each parameter, since C, is
a tridiagonal matrix. For the covariance, Eq. (4) was first
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quasilinearized to the form
U=AU+B+ W(r) 13

W (t) has zero mean and a covariance matrix Q. The prop-
agated or a-priori covariance P(¢; ) was approximated by the
difference equation

P(t;)=2(VDP(t;.)®T (V)

+ St" S(N—1,_)0BT (A\—¢,_,)d\ (142)

-1
®(Vi)=exp(AVY) (14b)

The transition matrix and integral were originally calculated
by Taylor series. A new technique!* takes advantage of the
tridiagonal form of A.

The temperature, covariance, and sensitivities are prop-
agated (MODELS block) until a thermocouple measurement
is available. The temperature, covariance, and sensitivities are
then updated based on the measurements by the Kalman filter
(KALMAN UPDATE block). The location of the total of M
thermocouples is identified by the measurement equation

Y(1,) =HU(t,) + p, 15)

H is defined by H,,; =1 if U, corresponds to Y, and H,;=0if
U; doés not correspond to Y,,. The error u, was assumed to be
a white stationary process with zero mean and covariance

Rm:d)rzneasY%n (16)

for each measurement. The constant ¢, is related to the
deviation in the theromocouple measurement. The updated
temperature or a-posterior expectation U(¢,) is calculated by

U =U(t; ) +GE(t,) (17a)
G=P(t; YHT[HT[HP(¢;)HT +R,,] ! (17b)
E=Y(t,)—-HU(t;) (17¢)

The updated covariance and sensitivities are calculated by
P(t})=[I-GHIP(t;)[I-GH]"+ GR,, G (18)
Upe (1) = [I-GH] Uy (1) (19

In summary, the expected temperature, covariance, and
sensitivities are propagated (MODELS) for each trajectory
and thermocouple sample (TIME LOOP). Updates occur
(KALMAN UPDATE) only when a thermocouple measure-
ment is available. This TIME LOOP is continued until the end
of the time segment. At the end of a time segment, the
parameters (6,) are updated (PARAMETER UPDATE). A
maximum likelihood criteria was preferred because of ex-
perience in estimation of stability derivaties.®’ The likelihood
function (F) was specified to be the natural logarithm of the
joint probability density function of the temperature. The
maximum of F was satisfied by equating the gradients to zero.
The maximum with respect to U is satisfied by the best
estimated temperature

Us=U(1}) ‘ (20)

if U(z;}) is the temperature generated with best estimates of
the parameters (8*). 0* is obtained by the gradient algorithm

0*=0—[32F/00>) ~'3F/30=0+J"'S @2n

where J is an approximation assuming a large number of N
samples.
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N
J= Y Un (t; YHT[HP(t; YHT + R, JHUy (7)) (22)
n=1

The gradient of F is approximated for a large number of N
samples by

N
Se= Y, Uy (t; YHT[HP(t; )HT +R,,] [ Y,~HU(t; )]
n=1

@3)

Selected parameters are updated by Newton-Raphson itera-
tion. Normally three to five iterations are used for estimates of
the parameters. The Cramer-Rao bound is calculated from
J~! and provides a measure of the uncertainty in the
parameter estimate. After the last PARAMETER UPDATE,
the best estimated temperature is obtained by completing the
TIME LOOP again. Deviation in the temperature is obtained
from the covariance. The average residual error_is computed
as an indicator of the ‘““match’’ with the thermocouple data.

Results

Results with two data sources are presented. Thermocouple
measurements during transient maneuvers are simulated and
distorted with noise and parameter variations.’ Flight test
data specifically from the second and fourth flights (STS-2
and STS-4) were available. Flight results from three locations
are presented. These locations include a point off-centerline
on the lower surface, the lower outboard elevon, and OMS
pod on the upper surface.

Simulated Thermocouple Data

Thermocouple data were simulated for a point on the lower
centerline at 75% length (X/L=.75). A POPU at Mach 18

5
3
& sl HOLD {5 SEC)
8 MMM
5L © LOWER CENTERLINE_(75%
18001~ —— TEMPERATURE ESTIMATE Ugt*)
+ THERMOCOUPLE 6

[rs RE=2x10
< 1700
2
&
> 1600
<C
oL
a
= 1500
=]

1400

TIME (SEC)

Fig. 3 Simulated thermocouple data with eight-bit word (Mach 18
pushover-pullup maneuver).
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——— SIMULATOR O CASE 1 O CASE 4
e e INCREASE A CASE 2
——-q, INCREASE O CASE 3

HEATING RATIO

0 1 1 1 J
25 30 35 40 45
« (DEG)

Fig. 4 Heating estimates for simulated thermocouple data at Mach
18.
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and Reynolds number (Re) of two million was simulated. The
flow was laminar and the heat rate only a function of «. Data
were distorted with 8-bit word resolution and sampled once
per second corresponding to the flight recorder.

The simulated surface thermocouple samples and the best
estimated temperature from HEATEST at that node are
shown in Fig. 3. The estimated heating ratio computed from
parameter estimates is compared to the actual simulator model
as shown by the circles in Fig. 4. The derivative with respect to
the angle of attack (g,) was changed in the simulator model
in Case 2, and the heating ratio successfully estimated, as
shown by the triangles. A bias in magnitude (g,) in Case 3
was correctly estimated, as shown by the squares. Another
POPU to lower angle of attack in Case 4 was also estimated
correctly, as shown by the diamonds. Thus the program was
verified by these cases and by other cases in which errors were
introduced.

Lower Surface Flight Thermocouple Data

STS-2 flight thermocouple data at numerous locations on
the lower surface were input to HEATEST. Most results have
been obtained using only one surface thermocouple.!? Several
locations have multiple thermocouples imbedded through the
TPS and are called plugs. A plug is located off-centerline at
approximately 70% length (X/L=.7) and 10% span
(2y/b =.1), and has a surface thermocouple and four more im-
bedded thermocouples. Results can be obtained only for the
surface thermocouple or all five thermocouples.

STS-2 FLIGHT CONDITIONS
Moo= 20 6
RE = 1.5 x 10

45

=
3
8
LOWER SURFACE HRS| PLUG
(VO9T9527 - VO9TO531)
THERMAL ESTIMATES
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= B - 9999 (x.00008
£ 1500 - XiL- .7
2 ~ TEMPERATURE ESTIMATE Ut7) P
= + FLIGHT THERMOCOUPLE b=
5
2
=
o
w
=
=]

TIME (SEC)

Fig. 5 Lower surface plug STS-2 flight thermocouple data (Mach 20
pushover-pullup maneunver).
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Fig. 6 Heating estimates for lower surface plug from STS-2/8STS-4
flight thermocouple data.
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Time histories of the angle of attack, surface thermocouple
data at the same location, and a-priori temperature during the
POPU at Mach 20 and flight Reynolds number of approx-
imately 1.5 million are shown in Fig. 5. As shown in Fig. 5, a
good match between a-priori temperature and the surface
thermocouple measurements were obtained. The heating
estimates are shown in Fig. 6 and compared with wind-tunnel
data for laminar flow. Both magnitude and the angle-of-
attack derivative agree well. The thermal estimate for effective
coating thickness was Ax, =0.00129 ft, which is only slightly
higher than the expected value of 0.00125. These estimates
were repeated, using only the surface thermocouple for both
the test maneuver and the preceding time segment. The same
results were obtained, which validates the heating estimation
techniques, where only one surface thermocouple measure-
ment is available.

Time histories at the same location for a POPU at Mach 12
during STS-4 are shown in Fig. 7. Telemetered thermocouple
data were obtained beginning in the middle of the maneuver.

STS-4 FLIGHT CONDITIONS
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RE =6x10
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Fig. 7 Lower surface plug STS-4 flight thermocouple data with tran-
sition onset during Mach 12 pullup-pushover maneuver.
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Fig. 8 Lower surface plug STS-4 flight thermocouple data for tur-
bulent flow (Mach 8 pullup-pushover maneuver).
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The temperature was unusually high, which indicates transi-
tion to turbulent flow during the maneuver. A simulated time
history for laminar flow throughout the maneuver is shown.
The data show that transition is sensitive to angle of attack at
a fairly constant Reynolds number.!? The flow transitions to
turbulent flow and then back to laminar flow when the angle
of attack is decreased. After the maneuver, transition occur-
red at a lower angle of attack, due to a higher Reynolds
number.

Heating estimates were obtained for the remaining low
angle of attack maneuver and are shown in Fig. 6. The heating
magnitude agrees with the laminar data at Mach 20, but with a
slightly lower slope. The lower slope could indicate a Mach ef-
fect, but could be caused by initial condition error.

Time histories at the same location during a POPU at Mach
8 are shown in Fig. 8. Thermocouple data indicate transition
to turbulent flow prior to this maneuver. The maneuver is of
short duration and the thermocouple response is barely out of
the noise level of the 8-bit data word. Heating estimates were
obtained assuming no Reynolds number effect in Fig. 5. The
uncertainty bounds are large compared to the laminar
estimates.

Control Surface Flight Thermocouple Data

Analysis on the control surface presents a difficult problem,
due to numerous variables, to trading between elevon and
angle-of-attack derivatives, and to nonlinearity. However,
previous results were good on the outboard elevon for the
Mach 21 flap maneuer and Mach 20 POPU.!® Most of the
uncertainty seemed to be due to nonlinearity. Because of the
nonlinearity, small time segments were required, and in many
instances the nonlinearity could not be avoided because of
considerable elevon activity. Therefore, a second-order
heating model in the elevon deflection angle given by Eq. (3)
was used by HEATEST for the flap maneuver and POPU. In
addition, the flap maneuvers at Mach 16 and Mach 12 were
also analyzed.

STS-2 flight thermocouple measurements on the outboard
elevon during the POPU and flap maneuver at Mach 21 were
input to HEATEST. Time histories of elevon deflection, angle
of attack, thermocouple measurements, and a-priori
temperature are shown in Fig. 9. The derivative g, was fixed
at 0.0068 during the flap maneuver because of trading with the
elevon derivatives. A long-duration out of trim condition is
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Fig. 9 Lower surface plug STS-4 flight thermocouple (Mach 21 flap
maneuver and Mach 20 pushover-pullup maneuver).
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needed to distinguish between these derivatives, and this oc-
curs briefly during the POPU. Estimates for the heating dur-
ing the flap maneuver are shown in Fig. 10. The estimates for
the first two time segments at Mach 21 agreed with each other
as well as with previous results for the linear heating model
and shorter time segments. The uncertainty bound for the
lower time segment with the second-order polynomial in §,
was slightly higher, however. The a-priori temperature still has
trouble matching the thermocouple measurements. An angle-
of-attack derivative of 0.0068 was estimated, compared to
0.0078 with the first order model, and Ax, of 0.0021 ft com-
pared with 0.0023. The larger estimates of Ax, and the dif-
ficulty matching the thermocouple measurements suggest that
something is not modeled correctly. The increased heating
above 5 deg elevon deflection could be transition to turbulence
or a local flow phenomenon (flow separation). However, the
results provide reasonably accurate estimates based on actual
flight data, which are lower than the wind-tunnel data and im-
prove confidence in the ability to expand the envelope of the
Orbiter to an aft center of gravity.

STS-2 flight thermocouple measurements at the same loca-
tion on the elevon during the flap maneuver at Mach 16 were
also input to HEATEST. The elevon deflection varied be-
tween 0.5 and 3.7 deg, but there was no thermocouple
response. The magnitude of the heating agrees with the Mach
21 data as shown in Fig. 10, but the derivative is lower. Ex-
pected response to the maneuver was only slightly out of the
eight-bit word noise, since the elevon derivative slope is small.

STS-2 flight thermocouple measurements at the same loca-
tion on the elevon during the flap maneuver at Mach 12 were
also input to HEATEST. Time histories are shown in Fig. 11.
The flow transitioned to turbulent flow prior to the maneuver.
Estimates for the heating for four time segments are shown in
Fig. 10. Either the flow is not turbulent at the negative deflec-
tion angles or some local flow phenomenon is causing a large
nonlinearity in the heating rate. The estimates for the
derivative in the first two time segments are believed to be in-
accurate. The cause may be related to a combination of initial
condition error and the large decrease in heating rate in the se-
cond segment. Good estimates were obtained in the third and
fourth segments, however. For envelope expansion purposes,
the estimates at the large angles in the fourth segment are of
primary interest, since the flow is turbulent.
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Fig. 10 Heating estimates for outboard elevon from STS-2 flight
thermocouple data.
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Upper Surface Flight Thermocouple Data

The most significant result of the POPU at Mach 20 during
STS-2 was on the side of the OMS pod on the upper surface. A
time history of a thermocouple mounted in FRSI on the OMS
pod is shown in Fig. 16. The large and unexpected increase in
temperature above the design limit was not predicted by the
simulator models, based on wind tunnel data at this Reynolds
number. Flow impingement on the OMS pod was expected
around 30 deg instead of 37 deg, as shown by the negative
slope in Fig. 13. Because of nonlinearity, a linear spline was
used’ for Eq. (2) [Eq. (3) did not work]. The depth was
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Fig. 11 Outboard elevon STS-2 flight thermocouple data (Mach 21
flap maneuver).
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Fig. 13 Heating estimates for OMS POD from STS-2 flight ther-
mocouple data (Mach 20 pushover-pullup maneuver).

estimated'’ to be 0.035 (£.0002) ft. A thick coating was an-
ticipated because of repairs in this area. The side-slip
derivative was estimated to be —0.019 (+.004). Uncertainty
bounds are fairly large because of complex flow phenomena,
and because of upstream wall temperature transients.®
Therefore, the heating rate is believed valid for transient con-
ditions, but high for steady state.

Although there was concern for the OMS pod before the
maneuver, results from the POPU confirm it. The value of
transient maneuvers for envelope expansion is demonstrated
even without data reduction by examining Fig. 13. With data
reduction, a basis for either a placard or redesign of this small
area is established.

Conclusions and Recommendations

A parameter-estimation method coupled with an extended
Kalman filter has been successfully developed for the reduc-
tion of thermocouple data from transient maneuvers. The
method was applied to the TPS of the Orbiter for the purpose
of safe and rapid expansion of the aerothermodynamic
envelope. The method has been applied to simulated ther-
mocouple data, wind tunnel thermocouple data, and flight
thermocouple data. The heating at points on the lower surface
with surface thermocouples were analyzed easily for laminar
flow. For turbulent flow, some difficulty in analyzing
Reynolds-number trends was encountered. The heating at
control-surface and upper-surface points were analyzed,
although some difficulty was encountered because of
nonlinear trends in angle-of-attack and deflection angles. The
results are useful for mission planning of future operational
missions.

The parameter-estimation method should be used in future
flight test programs of hypersonic vehicles. The thermocouple
instrumentation should be designed for parameter estimation.
Special care should be taken to avoid timing errors, the sampl-
ing rate should be faster than the thermocouple response, the
data resolution should be better than the smallest significant
response, and several imbedded thermocouples and a pressure
transducer should be located at a point in each critical area.
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For envelope expansion, the estimation method is used for
data correlation with simulator models. In some cases, data
correlation has not worked very well because of lack of
sophistication in the heating model (due to flexibility re-
quirements). The heating models can be changed easily as
demonstrated by changing reference heating methods and by
using a second-order polynomial.

The method is not an inverse techngiue of just generating
heating-rate time histories, although it could be. The duration
of sequential time segments could be reduced, or the flow
diagram could be changed. A parameter estimate could be ob-
tained with the addition of each measurement and based on a
prescribed number of previous measurements. Only heating
magnitude would be obtained, whereas in the present method,
trends in angle of attack and verification of thermal
parameters were also obtained.
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