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; | - NOMENCLATURE
i \ )
Iy S S Model base area, including sting cavity area, 25.9301 1.2
Ac Model base sting cavity area, 3.5467 1n.2
bw Model wing reference span, 18.734 in.
5 ”
{
E ; QA "Axial-force coefficient, adjusted for sting cavity pressure,
E | T c, -C
{ At Ac
CAB Base pressure axial-fotce coefficient, -:(pb - P Ap/(q, - Sw)
s af j
Ca Model balance cavity pressure axial-force coefficient, 3
€ = ) A /(q_ - S)
(PbA Ps ) A/ Sw
C Forebody axial-force coefficient, Cy - C
A A
QAt Total axial-force coefficient, total axial force/(q, * Sy)
1
CD Drag coefficient, CA cos a + cN sin a 3
cL Lift coefficient, cN cos o - CA sin a
Cz Body axis rolling-moment coefficient, rolling moment/
(q * Sy - by)
Cz Stability axis rolling-moment coefficient, Cﬂ, cos a + 1
8 C, sin a |
| s |
‘ cn Pitcﬁing—moment coefficient, pitching moment/(q_ - S * Qw) %
cN Normal-force coefficient, normal force/(q°° + S
C, Body axis yawing-moment coefficient, yawing moment/
W, L ")
W w
C Stability axis yawing-moment coefficient, C cos o -
n n
8 Cz sin a
Cw Model wing reference mean aerodynamic chord, 9.496 in.

Cy Side-force coefficient, side force, (q * 8)




L/D

Lift to drag ratio ratio, CL/CD

Free-stream Mach number

_ Average of four model base pressures, psia

Tunnel stilling chamber pressure, psia -

Model balance cavity pressure, psia
Free-stream static pressure, psia
Free-stream dynamic pressure, psia

Free-stream unit Reynolds number, 1/ft

Model wing referemce area, 154.944 1n.2

Tunnel stilling chamber temperature, °R

Orbiter body coordinate stations in full-scale dimensions, in.
Body coordinate axes (see Fig. 6) °

Stability coordinate axes (see Fig. 6)

Model angle of attack, deg

Model sideslip angle, deg
Aileron deflection, (§ - &8 )/2, deg
T =

Body flap deflection, positive trailing edge down, deg

" Elevon deflection, (6eL - Ge )/2, deg

R

Left elevon deflection, positive trailing edge down, deg




Right elevon deflection, positive trailing edge down,
deg %

Rudder deflection, positive trailing edge left, deg

Speédbrake deflection, angle between the inside faces of the
left and right panmels, always positive, deg

Standard deviation, the square root of the mean-squared
deviation from the mean of a variable

Indicated roll angle of the model support mechanism, deg |
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1.0  INTRODUCTION . r

- The work reported herein was performed at the request of the National 4
: Aeronautics and Space Administration (NASA), Johnson Space Center, Houston, 3
Texas for the Rockwell International/Space Division, Downey, California,
under Program Element 921E. The test results were obtained by ARO, Inc.,
AEDC Division (a Sverdrup Corporation Company), operating contractor for
the AEDC, AFSC, Arnold Air Force Station, Tenmnessee. The test was con-
ducted in the VKF Tunnels A and B during the periods of March 21 to 30,
1978 (Tunnel A) and March 30 to april 7, 1978 (Tunnel B) under ARO Project
Number V41A/B-PS.

The tests were performed to verify the static stability and control
characteristics in pitch and yaw, and the control effectiveness and trim
limits of the Space Shuttle Orbiter vehicle over the Mach number range of
2 to 8. A 0.02-scale high-fidelity model of the SSV 102 Orbiter configura-
tion (designated model 105-0) with all aerodynamically pertinent external
features simulated was built for these tests. In addition to the overall
test objectives, some anomolies in pitching-moment data taken in several
i facilities were to be studied. Secondary objectives included flow visualiza-
tion shadowgraph and schlieren photographic data, which were taken at various
model attitudes.

Orbiter static stability, axial-force, and base pressure data were
obtained at Mach numbers from 2 to 5.5 in increments of 0.5 at a primary
free-stream unit Reynolds number of 4.5 million per ft, and at Mach 8.0
i at a primary free-stream unit Reynolds number of 2.3 million per ft. The
L ' total angle-of-attack range was from -1 to 51 deg with a -10 to 10 deg
.‘ angle-of-sideslip range. Orbiter speedbrake, rudder, elevon, aileron, and
1 body flap control surfaces were deflected in various combinations as primary
configuration variables. Air data probes were mounted on the model nose at 3
Mach numbers from 2.0 to 3.5 to simulate the deployment of these probes ‘
throughout this Mach range.

Copies of all data with detailed test logs were transmitted to NASA
and Rockwell International under separate cover as a Final Data Package.
This package included a magnetic tape and a microfilm record of the data.

Chrysler DATAMAN has received magnetic tape copies of all test data. One 1
printed copy and a microfilm record of the data package were retained at

AEDC. 5
2.0 APPARATUS

2.1 WIND TUNNELS -

The VKF Tunnels A and B (Fig. 1) are closed circuit, continuous flow,
variable density wind tunnels. Each tunnel is equipped with a model
injection system which allows removal of the model from the test section
while the tunnel remains in operation. A description of the tunnels and
air-flow calibration information may be found in Ref. 1.
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Tunnel A has a 40- by 40-in. test section and an automatically driven
flexible-plate-type nozzle which provides Mach numbers from 1.5 to 6.0.
The tunnel operates at maximum stagnation pressures ranging from 29 psia
at M_ = 1.5 to 200 psia at M_ = 6.0. Minimum operating pressures range
from about one-tenth to one-twentieth of the maximum at each Mach number.
The stagnation temperature can be varied from an average minimum of
about 540 to a maximum of 750°R, depending upon Mach number and pressure
level.

Tunnel B has axisymmetric contoured nozzles and a 50-in.-diam test
section. Two interchangeable nozzles are available to provide Mach numbers
of 6 and 8 and the tunnel operates over a range of stagnation pressure
levels from 20 to 300 psia at M_ = 6, and 50 to 900 psia at M_ = 8. A
natural-gas-fired combustion heater provides stagnation temperatures up
to 1350°R. The entire tunnel (throat, nozzle, test section, and diffuser)
is cooled by integral, external water jackets.

2.2 MODEL

The model (Fig. 2) is a 0.02-scale replica of the Space Shuttle
Orbiter Vehicle 102 and is designated Model 105-0. It was fabricated
entirely of stainless steel to the March 15, 1976 numerical control lines
to tolerances of 0.25-in. full scale in linear dimensions and 0.1 deg in
angular dimensions of the orbiter outer model line definition. All aero-
dynamically pertinent external features except the Thermal Protection System
(TPS) tiles are simulated, including the Main Propulsion System (MPS)
nozzles which are trimmed to clear the sting support, the Reaction Control
System (RCS) thruster ports in the forward fuselage and the Orbiter
Maneuvering System (OMS) pods.

All control surface deflections are set manually. Full-span elevons-
are mounted on the double delta planform wing trailing edge. There are
four separate elevon surfaces with gaps between the inboard and outboard
panels. Two sets of elevons are available to speed model changes. Each
elevon panel is mounted on a deflection bracket and then attached to the
wing. Upper surface flipper door panels which blend the wing to the
elevon at all deflections are simulated only for negative elevon deflection
angles and only at Mach 2.0 to 5.5. These panels are made from Renite
filler material and are not usable in the high temperature environment of
Tunnel B Mach 8.0 operation. They are also unnecessary in the high pitch
range covered by the Mach 8.0 testing and are replaced there with stain-
less steel fairings. The available elevon deflection brackets are -35, -20,
-10, -5, 0, +10, and +20 deg for the left side (inboard and outboard);
and -35, -30, -20, -15, -10, 0, +10, and +20 deg for the right side (in-
board and outboard). The body flap is attached to the base of the orbiter
with a deflection bracket. Separate brackets are provided for deflection
angles of -11.7, 0, 16.3, and 22.5 degrees. Separate model components are
provided for speedbrake settings of 0, 25, 55, and 87.2 deg. Each speed-
brake can be pinned at rudder deflection angles of 0, 2.5, 5, 11.28, and
22.8 deg, except for the 87.2 deg speedbrake which is limited to a maxi-
mum 11.28 deg rudder deflection. All of the quoted deflection angles are
nominal; the actual deflection angles were measured before the test and
appear on the data. Aerodynamic sealing of control surface hinge lines
has been accomplished by close tolerance fits between parts, and by
application of plaster during the test., Control surface orientation and
deflection sign convention is i{llustrated in Fig. 3. ;
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Air data probes are mounted to the orbiter nose to simulate their
deployment at Mach numbers from 2.0 to 3.5. The model weight is about
92 pounds including the balance adapter. Sketches showing the hardware
used to accomplish all four wind tunnel installations for this test
program are included in Fig. 4.

2.3 INSTRUMENTATION AND MEASUREMENT ACCURACY
2.3.1 Test Conditions

Tunnel A stilling chamber pressure is measured.with a 15-, 60-, 150-,
or a 300-psid transducer referenced to a near vacuum. Based on periodic
comparisons with secondary standards, the accuracy (a bandwidth which
includes 95 percent of the residuals, i.e., 20 deviation) of these
transducers is estimated to be within *0.2 percent of reading or #0.015
psia, whichever is greater. Stilling chamber temperature is measured
with a copper-constantan thermocouple with an accuracy of *3°F based
on repeat calibrations (20 deviation).

Tunnel B stilling chamber pressure is measured with a 200- or 1000-
psid transducer referenced to a near vacuum. Based on periodic comparisons
with secondary standards, the accuracy (20 deviation) of the transducers
is estimated to be within *0.1 percent of reading or +0.06 psia, which-
ever is greater for the 200-psid range and *0.7 percent of reading or
0.5 psi, whichever is greater for the 1000-psid range. Stiliing chamber
temperature measurements are made with Chrome1®-Alume1® thermocouples
which have an accuracy of *(1.5°F + 0.375 percent of reading) based on
repeat calibrations (20 deviation).

2.3.2 Test Data

Model forces and moments were measured with a six-component, moment-"
type, strain-gage balance (4.00-Y-36-072) supplied and calibrated by VKF.
Prior to the test, static loads in each plane and combined static loads
were applied to the balance to simulate the range of loads and center of
pPressure locations anticipated during the test. The range of check loads
applied and the measurement accuracies are given in the following table.
The accuracies represent the bands of 95 percent (20 deviation) of the
measured residuals, based on differences between the applied loads and
the corresponding values calculated from the balance calibration equa-
tions included in the final data reduction.

Balance
Design Calibration Range of Measurement
Component Loads Load Range Static Loads _Accuracy

Normal force, 1b £1500 *1500 +1500 *+3.75
Pitching moment,* in.-1b %7575 +7575 +6700 £18.95
Side force, 1b +1000 +£1009 +300 +3.00
Yawing moment,* in.-1b +5050 +5050 $1670 £12.65
Rolling moment, in.-1b +800 +800 +800 £3.90
Axial force, 1b 0 +300 0+300 0300 *0.75

*About balance forward moment bridge.




The transfer distances from the balance forward moment bridge to the
model moment reference location were ~2.472 in. along the longitudinal
axis and 0.5 in. along the vertical axis and were measured to an esti-
mated accuracy of *0.005 in.

The balance cavity pressure and five model base pressures were meas-
ured with 15-psid transducers referenced to a near vacuum in Tunnel A
(Mach 2.0 to 5.5). Based on periodic comparisons with secondary standards,
the accuracy of these transducers is estimated to be within #0.15 percent
of pressure or *0.003 psia, whichever is greater.

_ In Tunnel B (Mach 8.0), these pressures were measured with 1-psid
transducers referenced to a near vacuum. Based on periodic comparisons
with secondary standards, the accuracy of these transducers is estimated
to be within *0.2 percent of pressure or *+0.003 psia, whichever is greater. -

Model flow-field shadowgraph or color schlieren photographs were
obtained on most configurations at selected model attitudes. The photo-
graphs were obtained with a double-pass optical flow-visualization system
with a 35-in.-diam field of view in Tunnel A. The Tunnel B photographs
were obtained using a single-pass cptical flow-visualization system
through the two 18-in.-diam test section windows.

3.0 PROCEDURE

3.1 TEST CONDITIONS

The test was conducted in Tunnel A at nominal Mach numbers from 2.0
to 5.5 in increments of 0.5 and a primary free-stream unit Reynolds number
of 4.5 million per ft. In Tunnel B, the test was conducted at nominal
Mach 8.0 at a primary free-stream unit Reynolds number of 2.3 million per
ft. A summary of the test conditions at each Mach number is given below.

M, P, psia T, °R q,, psia p,» psia Re /ft x 1076
2.00 19.5 580 6.98 2.49 4.53
2.50 25.0 580 6.40 1.46 4.55
3.01 32.5 580 5.53 0.87 4.52
3.51 42.5 580 4.74 0.55 4.55
*4.02 55.0 580 3.99 0.35 4.52
4.01 24.0 580 1.76 0.16 1.98
4.02 70.0 580 5.08 0.45 5.75
4.52 71.0 580 3.42 0.24 4.54
*5.05 101.0 620 3.22 0.18 4.54
5.03 42.0 600 1.36 0.08 2.00
5.06 140.0 630 4.42 0.25 6.11
5.45 155.0 720 3.66 0.18 4.64
*7.98 510.0 1310 2.37 0.05 2.32
7.94 - 200.0 1220 0.95 0.02 1.03
8.00 820.0 1335 3.76 0.08 3.61
7.98 425.0 1285 1.97 0.04 2.00
0.59

7.90 105.0 1160 0.51 0.01

*
These are the primary test conditions at these Mach numbers.

L 10




Test summaries showing all configurations tested and the variables
for each are presented in Tables 1 to 4.

3.2 TEST PROCEDURE

Once the desired model configuration was built up, the model was
injected into the tunnel at an attitude to minimize the balance loading
and the possibility of tunnel blockage during injection. Static force
data were taken in one of three modes of operation. During the portions
of the test dedicated to flow diagnostics data acquisition, some data
were taken by setting the model to the desired attitude using an incli-
nometer in the tunnel installation tank, locking the pitch mechanism, and
taking data in the tunnel while the pitch mechanism remained locked,
without pitching or rolling the model. During most of the test, however,
data were taken in either a point-pause mode or a continuous-sweep mode.
In the continuous-sweep mode, the model roll angle was set at either
0, 90, or 180 deg, and the model was swept through the pitch or sideslip
range at the rate of about 0.4 deg/sec in Tunnel A and about 1.0 deg/sec
in Tunnel B. The data were then tabulated for the exact specified angle
by averaging 16 data loops per 0.08 deg increment in Tunnel A, or 0.14
deg in Tunnel B and then interpolating. In the point-pause mode, 16
data loops were also averaged for each data point.

For point-pause type data, the model was positiomed at the proper
attitude using the VKF Model Attitude Control System (MACS). Generally,
the model attitude was corrected for balance-sting deflections to within
0.1 deg of the requested attitude using MACS. Some data were taken in
the point-pause mode without deflection corrections to obtain base and
cavity pressure definition at a specific model roll orientation, or to
force the model into a desired pair of roll quadrants to minimize flow
nonuniformity effects on the force and moment data. Where a sideslip
polar was specified at a fixed angle of attack corresponding to the
pitch prebend angle, the polar was acquired in the continuous-sweep mode,
and the resulting uncorrected pitch deflection was accepted. In additionm,
once at each Mach number, the same sideslip polar was obtained in the
point-pause mode to achieve the specified pitch angle. The MACS was also
used to initiate and terminate data acquisition for the continuous sweep
data.

Base and cavity pressures were not measured during the continuous
sweep mode because of the required stabilization time of the tunnel
standard pressure systems. Normally, sufficient time was allowed prior
to starting a sweep for the pressures to stabilize, so that they were
valid on the initial data point of -a continuous-sweep group. Base and
cavity pressures were determined for the remainder of the continuous-
pitch or continuous-sideslip group from a fifth-degree curve fit of
point-pause pressure data at zero roll for sweeps at 0 and 180 roll, or
at the same roll angle as the sweep data group for other roll angles.
The pressure definition group was generally taken on a previous con-
figuration with different control surface deflections. To account for
a difference in pressure level caused by control deflections, the fifth-
degree curve fits were shifted to agree with the initial point of the
sweep group, prior to calculation of the base and cavity pressure
coefficients. A speedbrake cavity pressure was measured when there was

a non-zero speedbrake deflection. Model base and cavity pressure tap
locations are illustrated in Fig. 5.

1
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Static loadings were performed on the right elevons with the zero
deflection brackets installed to determine elevon deflection constants.
The results were 0.0052 deg/in.~1b for the inboard elevon surface and
0.0201 deg/in.-1b for the outboard elevon. These were considered
satisfactory for this test series. The deflection constants at all
other elevon angles on both wings may differ because of the variation
in thickness of the individual elevon brackets.

3.3 DATA REDUCTION

The static force and moment data were obtained simultaneously
utilizing the Tunnel A and B data acquisition systems. The force and
moment measurements were reduced to coefficient form using the values
calculated from the averaged data points and correcting for first and
second order balance interaction effects. The coefficients were also
corrected for model tare weight and balance-sting deflections. Model
attitude, base pressure, and tunnel pressure and temperature were also
calculated from the average values.

Orbiter force and moment coefficients are presented in both the
body axis and stability axis systems. Pitching-, yawing-, and rolling-
moment coefficients are referenced to a point on the model corresponding
to full-scale orbiter stations of 1076.68 along the longitudinal axis
and 375.00 along the vertical axis. This reference point is 16.814 in.
from the model nose along the longitudinal axis and 2.507 in. below the
cylindrical upper (cargo bay) surface along the vertical axis, in model
scale. Since the model surface corresponds to the orbiter outer mold
line, the actual model nose begins at a full-scale orbiter station of 236
along the longitudinal axis. The center-of-pressure location values
are calculated relative to the model nose inner mold line which is located
at a full-scale orbiter station of 238 along the longitudinal axis.
Model wing reference area (154.944 in.2) was used as the coefficient
reference area. Model wing reference span (18.734 in.) was the reference
length for the rolling- and yawing-moment coefficients while the wing
reference mean aerodynamic chord (9.496 in.) was the pitching-moment
coefficient reference length. The axes systems and positive coefficient
directions are illustrated in Fig. 6.

The model total axial-force coefficient (Cp ) was adjusted by the
sting cavity axial-force ccefficient (C, ) to the axial-force coefficient
(C4). Then C4 was adjusted by a base prgssure axial-force coefficient
(CAb), determined from an average of four base pressures, to the forebody
axial-force cvefficient (CAf). All stability axis data were reduced using
Cp- Point-pause mode axial-force and stability axis data were reduced
using base pressure measurements made at each data point. For continuous-
sweep mode data, C, and C, values were determined from 5th degree least-
squares curve iits of thesecvalues from point-pause data groups as
described in Section 3.2. Tables 5 and 6 contain a correlation of
sweep data groups to the point-pause mode data group from which the
CAb and cAc curve fits were obtained.

12
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The slopes of the side-force, yawing-moment, and rolling-moment
coefficients versus sideslip angle for sideslip variation data groups
were computed from linear least-squares curve fits of points from -2
to 2 deg sideslip. No slopes were computed for the pitch variation
data groups since neither a trim nor a zero pitch condition normally
occurred during these groups.

3.4 DATA UNCERTAINTY

The accuracy of the basic measurements (P, and T,) was discussed in
Section 2.3. Based on repeat calibrations, these errors were found to
be

APO : AEO .
" 0.002 = 0.2Z, — = 0.005 = 0.5%2
T
& o
for Tunnel A, and
APO ATo
—— = 0.001 = 0.1Z, — = 0.004 = 0.4Z
Po To

for Tunnel B.

Uncertainties in the tunnel free-stream parameters and the model
aerodynamic coefficients were estimated using the Taylor series method
of error propagation, Eq. (1).

2 2
2 _ |2E F OF o |2E
(AF) (ax1 AX1 + 3X2 AX2 + 8X3 AX3) A axn Axn) )

where AF is the absolute uncertainty in the depeﬁdent parameter
F= F(X1, xz, X3 oe Xn) and X is the independent parameter (or basic

measurement). AX, is the uncertainty (error) in the independent measure-
ment (or variable).

3.4.1 Test Conditions

The accuracy (based on 20 deviation) of the basic tunnel parameters,
P, and Ty, (see Section 2.3) and the 20 deviation in Mach number determined
from test section flow calibrations were used to estimate uncertainties
in the other free-stream properties using Eq. (1). The compared uncer-
tainties in the tunnel free-stream conditions are summarized in the
following table.-
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: Uncertainty, * percent of actual value ; :
9  ) : M, M, P, 9, hclft
, > = Pw el .. il
; 2.00 0.8 2.5 0.9 1.0 ;
‘ 2.50 0.5 1.9 1.0 _ 1.0 ;
: 3.01 0.6 2.6 1.4 1.2 |
E 3.51 0.4 1.7 - 1.1 1.0
1 4.02 0.5 2.4 1.5 1.2
4 4.01 0.5 2.4 1.5 1.2 ]
4.52 0.5 2.7. 1.8 1.3
5.05 0.5 3.0 e 1.4
5.03 0.5 3.0 2.0 1.4
, 5.06 . 0.5 3.0 2.0 1.4
/ 5.45 0.3 1.9 1.3 1.1
'f 7.98 0.3 1.6 L 1.0
: 7.94 0.4 2.4 T 1.2
E _ 8.00 0.3 1.6 1.4 1.0
1 7.90 0.4 - 2.4 1.7 1.2 _‘

4

3.4.2 Orbiter Aerodynamic Coefficients

: The uncertainties of the orbiter aerodynamic coefficients are pre-
sented in the following table. These were established at the maximum
aerodynamic loading condition using the Taylor series method of error
propagation (Eq. 1) with the independent variables determined from the
accuracy of the six component balance (listed in Section 2.3), the
accuracy of the base pressure transducers (Section 2.3), and the uncer-
tainties in the tunnel parameters (p_, q ) listed above.
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The basic precision of the body axis aerodynamic coefficients was
also computed using only the balance and base pressure measurement
accuracies listed in Section 2.3 along with the nominal test conditionms,
using the assumption that the free-stream flow nonuniformity is a bias
type of uncertainty which is constant for all test runs. These values
therefore represent the data repeatability expected and are especially
useful in detailed discrimination purposes in parametric model studies.
The stability axis coefficient repeatabilities are the same as the body
axis repeatabilities at zero model angle of attack. The experimental
repeatability observed was generally well within the expected repeatability.

Repeatability (&)
Measured Coefficient Value

Re/ft
_Hf: x 10--6 & cm cY cn c!. At cA Af

2,00 4.53 0.0035 0.0020 0.0028 0.0007 0.0002 0.0007 0.0007 0.0021
2.50 4.55 0.0038 0.0022 0.0030 0.0008 ©0.0002 0.0008 0.0008 0.0022
3.01 4.52 0.0044 0.0025 0.0035 0.0009 0.0003 0.0009 0.0009 0.0022
3.51 4.55 0.0051 0.0030 0.0041 0.0011 0.0003 0.0010 0.0010 0.0016
4.02 4.52 0.0061 0.0035 0.0049 0.0013 0.0004 0.0012 0.0012 0.0024
4.01 1.98 0.0138 0.0080 €.0110 0.0029 0.0008 0.0028 0.0028 0.0035
4.02 5.75 0.0048 0.0028 0.0038 0.0010 0.0003 0.0010 0.0010 0.0023
4.52 4.54 0.0071 0.0041 0.0057 0.0015 0.0004 0.0014 0.0014 0.0022
5.05 4.54 0.0075 0.0044 0.0060 0.0016 0.0004 0.0015 0.0015 0.0031
5.03 °2.00 0.0178 0.0104 0.0143 0.0037 0.0011 0.0036 0.0036 0.0045
5.06 6.11 0.0055 0.0032 0.0044 0.0011 0.0003 0.0011 0.0011 0.0029
5.45 4.64 0.0066 0.0038 0.0053 0.0014 0.0004 0.0013 0.0013 0.0017
7.98 2.32 0.0102 0.0059 0.0082 0.0021 0.0006 0.0020 0.0020 0.0027
7.94 1.03 0.0255 0.0148 0.0204 0.0053 0.0015 0.0051 0.0051 0.0058
8.00 3.61 0.0064 0.0037 0.0051 0.0013 0.0004 0.0013 0.0013 0.0022
7.98 2.00' 0.0123 0.0071 0.0098 0.0025 0.0007 0.0025 0.0025 0.0030
7.90 0.59 0.0475 0.0276 0.0380 0.0098 0.0028 0.0095 0.0095 0.0099

3.4.3 Model Attitude

The uncertainty in model support system pitch and roll angles as
determined from tunnel sector calibrations is estimated to be *0.1 deg
in pitch and #0.2 deg in roll. These uncertainties combined with con-
sideration of the possible errors in model deflection calculations re-
sult in an estimated accuracy of *0.1 deg for model angle of attack (a)
and sideslip angle (B).
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4.0 TEST RESULTS

i The purpose of this wind tunnel test program was to obtain experimental
data to verify the Space Shuttle Orbiter vehicle stability and control |
characteristics in pitch and yaw and to verify control effectiveness and
trim limits over the Mach number range from 2 to 8. These results will
aid in the determination of any final orbiter design changes and for the
definition of adjustments to the "Aerodynamic Design Data Book" (Ref. 2)
which is a compilation of previous test data.

A complete set of test results in the form of tabulated data with
detailed test logs, a microfilm copy, magnetic tape copies, and photo-
graphic data from both tunnel entries has been transmitted to NASA-JSC
(Test Sponsor) and to Rockwell International/Space Division as the Final
Data Package. Magnetic tapes of all test data have also been sent to
Chrysler DATAMAN. The data presented in the Final Data Package has been ‘
edited and where errors were found, the data were corrected or eliminated. |
The significant changes made for the final data from the preliminary data i
reduced on-line during the test, include the following: |

i 1. All aerodynamic coefficients were corrected for small flow
nonuniformity effects.

2. The definition of CAb was changed (see Nomenclature).

3. All base and cavity pressure ratios are zeroed after the |
initial loop on all sweep data groups since the measurements |
are invalid once the sweep has begun.

4. For all data taken in Tunnel-B (Groups 1001-1185) the axial-
force data were reduced using an average of the initial and
final instrument zeroes because of small shifts between these
values resulting from balance heating effects. These shifts
were nomally within the quoted balance repeatability.

5. For Tunnel B sweep groups 1011, 1013 to 1028, and 1031 to 1038
no time was allowed for base pressure stabilization on the
initial data point. The C, and C, curve fits used to reduce

the axial-force data were not shiftgd to match the initial point.
These shifts were always very small for Tunnel B data.

6. A base pressure tube contacted the model base during Tunnel B
groups 1051 to 1056 affecting the axial-force data. All axial-
force and stability axis coefficients have been zeroed. The
data groups pertinent to the requested test matrix within these
groups were rerun and appear on the detailed test logs.

M . iy NN ot i e Sbsliiind,

] 7. A few other changes because of incorrect configuration codes
and control surface deflection values on the tabulated data

: . were corrected. The data and detailed test logs now agree.
Additional changes made should not affect the use of the final
data.

w
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Some typical data and several comparisons with data from Ref. 2
showing overall satisfactory agreement appear in Figs. 7 to 10. Also,
Figs. 11 and 12 illustrate the agreement between the data from different
prebend installations during the test. A significant quantity of repeat
data was taken during the test and, although not shown, the agreement
was generally well within the values given in Section 3.4.2 of this
report.
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Figure 3. Control Surface Orientation and Deflection
Sign Convention
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PSC (Sting Cavity)

\L//— PB5 (Speedbrake Cavity)
L/ Measured only when Bsb # 0

* These taps are at the
\l/ model base. They are
o

- L/
—
Figure 5. Base Pressure Tap Orientation
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not inside the nozzles.
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Table 3

OA208 (TUNNEL B, MACH 8) TEST-SUMMARY

T

! «| Nominal Control Surface Deflections
: Re /e x 10} & % Y Ssb % la Range, deg |8 Range, deg
3.6 ()} 0 0 87.2 0 17 to 43 0
E 1.0 ‘ ]
| 2.3 17 to 51 =10 to + 10
{ . 2.5 17 to 43
1 s.o '
=35 ] 25 to 51
e 0 11.28| 17 o 43 -10 to + 10
{ ‘ -35 25 to 51 0
! 0 22.5 eoS1 | -10¢to+ 10
E * 16.3 } &
S G -11.7
! ; 55 3.6 20 0 17 to 43 [
] ; 2.3 ! 17 to 51 .
3.6 16.3 17 to 43
. 2.3 ¥ 17 to 51
. , -11.7 25 to 51
{ |- ; - 10 0 17 to 51 -10 to + 10
-10
-20 ‘ 17 to 43 0
o : -35 ' 17 to 51
1 4 ] -11.7
-25 5 0 17 to 43
-20 10
, -15 5
3 -10 1 ~10 to + 10
] 10 17 to 51 0
-5 5 17 to 43
£ 0 10 17 to 51
; s 15 17 to 43
} 3.6 10 10
: 2.3 ] L] 17 to 51
3 * 15 5 17 to 43
£ 0 0 ' L1 -10 to + 10
{ 3.6 20 16.3 i ]
\ 2.3 -35 -11.7
- 0 (] 25 ~10 to + 10
(- LA 0 0
| S 2.0 *
? 0.6 v
; 2.3 ~10 to + 10
2.5
‘ 5.0
‘ - 11.28
< 22.8
22.5 0
- . 16.3
| Y 11,7
3.'6 . |20 0 0
16.3
‘ 2.3 1% o -10 'o +10
\ -10 ‘ i
1 -20 0
-35 |.
, V |-n.7
{ ; . -2 5 (]
{ r_ -20 10 ] ok LAl e ARl
. - 5
- : :: =10 to + 10
P % _s . °
{ i PR EER f Lot 1 2
b . .




Table 4

8 Range, deg

Y
-10 to + 10

f

e

{

=10 to + 10

-6 to + 6

f

=10 to + 10

-

{ TUNNEL B DIAGNOSTIC TEST SUMMARY (MACH 8)
Re,/ft| Nominal Control Surface Deflections
x 1()-6 Ge 6a 6bf 6sb T ¢i Rengs, deg a Range, deg
2.3 0 0 0 0 0 0 17 to 43
2.0
0.6
2.3 25
55 17,11
180 !
0 17 to 43
180 ‘
90 30.3
-90
1 v =180 to + 180
3.6 87.2 (¢) 17 to 43
2.3 \ 17 to 51
180 25 to 51
0 17 to 51
-9 to -171 17 to 43
+9 to +171 *
=74 to -174 30
90 30.3
-90 1
153 to -153 50.5
' =27 to + 27 50.8
1.0 | & 0 17 to 43
2.3 | =35 1} 5.0 180 25 to 51
3.5 20 16.3 55 0 0 17 to 43
87.2 |
i ‘ ‘ 180
2.3 |10 0 0 2
R ! y ‘ -90 30.32
Note: 1. Sector pitch mechanism remained locked during these data.
2. These data were taken with both primary and alternate elevons
and with the elevon hinge lines sealed and unsealed with plaster.




Table 5

0A209 (Tunnel A) Test C, , CA Curve Fit

A

Group Correlation Summary

cAb and C, $1 of
c Curve fit 3
urve fit Group Group Correction Curve Applies to Groups
601 0 603,604 ,608,609,612,613,615,616
602 +90 605,606,610,611,617,618
| 621 0 622 to 625
? 626 +90 627 to 630
% 633 0 634 to 637
e 638 +90 639 to 642
645 0 646 to 649, 655
| 650 +90 651 to 654
656 0 657 to 660
! 663 ()} 664 to 667, 680 to 683, 688 to 691
668 +90 669 to 672, 684 to 687, 692 to 695
700 0 701 to 704, 709 1
710 0 711 to 714, 721 to 731 ‘
715 +90 716, 717
732 0 733, 734
735 0 736, 757
738 0 739 to 744
745 0 746,753,756,759,764,767,770,773,776,782,785,
788,793 to 796, 799 to 803
751 +90 755,758,762,766,769,772,775,780,784,787,791,
798,805
806 0 807,808
809 0 810,811
812 0 813 to 816, £26,829,832,837,840,843,847,853,
k 861,864,867,873 to 876, 879,880
823 +90 824,828,831,835,839,842,845,846,849,850,857,
863,866,870,878
883 0 884
885 0 886 to 888, 892 to 896, 899 to 901
890 +90 891,898,905
907 0 908 to 912, 916 to 918, 920,921
914 +90 915, 925




Table 6

0A208 (Tunnel B) Test CAb, CA Curve Fit
(]
Group Correlation Summary
C, and Cp ﬁi of
A'b c Curve Fit
Curve fit Group Group Correction Curve Applies to Groups

1003 0 1004, 1006

1003 0 1011, 1013 to 1028 *

1046 0 1031 to 1034 *

1051 -90 1035 to 1038 *

1040 0 1041, 1042, 1130 to 1143

1043 0 1044, 1045

1046 0 1047,1048,1057,1060,1063,1066,1069,1072,
1075,1077,1079,1081,1088,1093 to 1098,
1101, 1103 to 1114,1116,1119 to 1121,1124,
1126 to 1129, 1144,1145,1147,1150,1153,
1156,1159,1160

1161 0 1162,1163

1164 0 1165,1166

1167 0 1168,1173,1i80,1182,1184

1051 -90 1053,1056,1059,1062,1065,1068,1071,1074,

1076,1078,1080,1085,1091,1100,1102,1115,
1118,1123,1125,1146,1149,1152,1155,1158,
1171,1176,1181,1183,1185

*

The curve fits were not shifted to match the initial data point of
these continuous sweep groups because the pressures on that point
were not stabilized.
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TABULATED DATA NOMENCLATURE
N
y AB Model base area, including sting cavity area,
25.9301 4n.2
]
AC Model base sting cavity area, 3.5467 1n.2
3 ALPHA Model angle of attack, deg
‘ X
E | ALP-I Indicated pitch angle of the model support
mechanism, deg
: BETA Model sideslip angle, deg
k
4 BW Model wing reference span, 18.734 in.
?, CA Axial-force coefficient, adjusted for sting
E/ cavity pressure, CAT - CAC
: CAB Base pressure axial-force coefficient, measured
£ point-pause type data or calculated from a fifth-
degree least-squares curve fit of point-pause
data shifted to match the initial point of sweep
‘ _ IPBA - (P-INF)] AB
1 data, Q-INF SW {
| CAC .Model balance cavity pressure axial-force coefficient, %
measured during point-pause type data or calculated
| : from a fifth-degree least-squares curve fit of i
' point-pause data shifted to match the initial |
: (PBA - PSC) AC !
point of sweep data, ~Q-INF 5w ;
{
CAF Forebody axial-force coefficient, CA - CAB §
; CAT Total axial-force coefficient, total axial force/ 3
| Q-INF * SW j
Ch ) Drag coefficient, CA < cos (ALPHA) + CN - sin (ALPHA) »
| CL Lift coefficient, CN * cos (ALPHA) - CA - sin (ALPHA) i
E |
| |
i CLL Body axis rolling-moment coefficient, rolling moment/ |
I Q-INF - SW « BW
CLLS Stability axis rolling moment coefficient, CLL °*
. cos (ALPHA) + CLN - sin (ALPHA)
CLM Pitching~moment coefficient, pitching moment/
Q-INF * SW * CW

CLN Body axis yawing~-moment coefficient, yawing moment/
Q-INF , SW « BW

a
I
E
i

s e R Mo b i S 2 et




CLNS

CODE

CONFIG
Ccw

CcY

DCLL/DBETA
DCLN/DBETA
DCY/BETA
DEL-A
DEL-BF
DEL-CAB
DEL-CAC

DEL-E

DEL-EL
DEL-ER
DEL-R

DEL-SB

GROUP

Stability axis yawing-moment coefficient,
CLN + cos (ALPHA) - CLL sin (ALPHA)

Normal-force coefficient, normal force/Q-INF - SW
Model configuration designation

Model configuration code, including information
concerning primary/alternate elevon configurations

Model wing reference mean aerodynamic chord,
9.496 in.

Side-force coefficient, side force/Q-INF - SW

Slope of the CLL versus BETA curve at zero BETA
calculated from a first degree least-squares curve
fit over BETAs from -2 to 2 deg, 1/deg

Slope of the CLN versus BETA curve at zero BETA
calculated from a first degree least-squares curve
fit over BETAs from -2 to 2 deg, 1/deg

Slope of the CY versus BETA curve at zero BETA
calculated from a first degree least-squares
curve fit over BETAs from -2 to 2 deg, 1/deg
Aileron deflection, (DEL-EL - DEL-ER)/2, deg

Body flap deflection, positive trailing edge
down, deg :

Increment applied to CAB curve fit to force agree-
ment with the initial point of the sweep group

Increment applied to CAC curve fit to force agree-
ment with the initial point of the sweep group

Elevon deflection, (DEL-EL + DEL-ER)/2, deg

Left elevon deflection, positive trailing edge
down, deg

Right elevon deflection, positive trailing edge
down, deg

Rudder deflection, positive trailing edge left, deg
Speedbrake deflection, angle between the inside
faces of the left and right panels, always positive,
deg

Data group number
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LB Orbiter body reference length, 25.806 in.
L/D Lift to drag ratio, CL/CD
MACH Free-stream Mach number
PBA/P?INF Average of four base pressures normalized by
(PB1 + PB2 + PB2 + PB4)
BslNE. %4 - P-INF
PBn/P-INF,
Base pressure 1-4 ratioced to P-INF
n=1¢toé4
PB5/P-INF Speedbrake cavity pressure ratioed to P-INF.
This measurement is valid only for nonzero speed-
brake deflections.
PHI-I Indicated roll angle of the model support mechanism,
deg
P-INF Free-stream static pressure, psia
PO Tunnel stilling chamber pressure, péia
PSC/P-INF Model balance cavity pressure normalized by P-INF
é;; Q-INF Free-stream dynamic pressure, ﬁsia
- . 4 '
A RE/FT Free-stream unit Reynolds number, 1/ft
REL ' Free-stream Reynolds number based on orbiter ' {
‘ model reference length,
| LB
E | (nr:/n‘) 12 1n./ft) '
SW Model wing reference area, 154.944 in.2 i
E | T-INF Free-stream static temperature, °R |
- |
1 ; TO Tunnel stilling chamber temperature, °R |
: |
E | ; |
E | XCG Distance from orbiter nose inner mold line to |
{ moment reference center along model X-axis, |
’ 16.774 in. ;
: |
XCP/L Model center-of-pressure location in the normal |
- : force direction relative to the model nose inner
F‘ | mold line, XCG/LB - (CLM - CW)/(CN . LB)
1
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