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SUMMARY

A 2.25% scale model of the Space Shuttle external tank and solid
rocket boosters was tested in the NASA/Ames Unitary 11 x 11-foot transonic
and 9 x 7-foot supersonic tunnels under the sponsorship of NASA/MSFC to obtain

base pressure data with firing solid propellant exhaust plumes.

Data system difficulties prevented the acquisition of any useful data
in the 9 x 7 tunnel. However, 28 successful rocket test firings were made in
the 11 x 11 tunnel during July/August 1976, providing base pressure data at
Mach numbers of 0.5, 0.9, 1.05, 1.2, and 1.3 and at plume pressure ratios,

Pc/B,.. , ranging from 11 to 89.
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FOREWORD

This report summarizes the experimental results of the FA-23 Plume
Technology Program performed by Calspan Corporation for the Aero-Astrodynamics
Laboratory of NASA/MSFC under Contract NAS8-31636. The NASA Technical. Monitor

for this program is Mr. Kenneth Blackwell SGE-AERO-AAE, with Mr. Robert Goss
as his designated alternate. )

The experimental program was performed at the NASA/Ames Research
Center in two separate phases; November/December 1975 in the 9 x 7 supersonic

tunnel and July/August 1976 in the 11 x 11 transonic tunnel.

The successful operation of the model rockets and pressure instru-
mentation during the 11 x 11 tunnel tests was in a large measure due to the
" conscientious efforts of Ray Gostkowski of Calspan who supported the Cdlspan

project engineer during all prefest and test activities at Ames,

iy



I. INTRODUCTION

The FA-23 experimental program described herein constitutes one part
of a continuing, multi-phase plume technology study being conducted by NASA/
MSFC. The purpose of the present experiments was to obtain base pressure data
on a Space Shuttle-like external tank (ET) solid rocket booster (SRB) con-
figﬁration over a range of exhaust plume pressure ratios and freestream Mach
numbers. These data, obtained with combusted, actual solid propellant exhaust
plumes, are to be subsequently analyzed by NASA/MSFC and compared.with similar
data obtained under comparable test conditions with air and freon jets and
other smaller solid propellant rockets. The primary objective of the NASA
plume technolegy study is to establish conclusively the similarity parameters
vrelating cold flow and hot combustion gas exhausts in order to provide a
better basis for the simulation of rocket plumes with more easily provided

cold gas flows than has heretofore been available.

A strut/sting-mounted ogive-cylinder model approximately 2.25% the
size of the Space Shuttle external tank, equipped with two side-mounted solid
propellant rockets, was employed for the present test program. A high aluminum
content composite propellant of a type similar to that presently being de-
veloped for the Space Shuttle SRBs by Thiokol Corporation was burned in the

rockets for a duration of approximately 200 milliseconds.

The tests were performed at the NASA/Ames Research Center, in two
different wind tunnels. The initial test series was carried out in the
Unitary 9 x 7 supersonic tunnel during December 1975, followed by tests in

the Unitary 11 x 11 transonic tunnel during July/August 1976.

Test variables included rocket combustion pressure, test section
static pressure'(attitude) and freestream Mach number. Data measurements
included model surface pressures, rocket combustion chamber and nozzle

internal pressures, and test section conditions.



The subsequent sections of this report describe the facilities and
test equipment employed for the program (wind tunnels, ET model, solid pro-
pellant rockets, and pressure instrumentation)., discuss the- 33 run tést

sequence;, and finally présent'the data obtained and briefly comment on its

quality and reasonableness.



II. TEST EQUIPMENT

A, TEST FACILITIES

The test program was performed in the 9 x 7 supersonic and 11 x 11
transopic legs of the NASA/Ames Research Center Unitary Plan Wind Tunnel
complex illustrated in Figure 1. Both tunnels utilize a common compressor
drive system and are of the closed return, variable density type. Test
section Mach number in the 9 x 7 tumnnel ranges from 1.6 to 2.5 and is varied
by translating a fixed contour block which forms the floor of the tunnel.
The 0.4 to 1.4 Mach number range for the 11 x 11 tunnel is generated by a

combination of nozzle flexing and test section suction through porous walls.

Models are supported in the tunnel from a sting which, in turn,
*
attaches to a wedge-shaped strut which spans the test section height (width)

as shown in Figure 2.

B. MODEL HARDWARE

The model consists of a cylinder-ogive body, mounted from a swept
side strut (see Figures 3-4). This strut, in turn, attaches to a rectangular
cross-section sting which is connected to the leading edge of the tunnel strut
by means of a taper plug assembly. Model design and fabrication were performed
under the cognizance of NASA/JSC.** Since copies of all drawings (Nos. SK-7519-1
through -9) and a model stress analysis report have previosuly been transmitted
to the NASA/MSFC Project Engineer by JSC, these detials have been omitted from

this document.

The model body, which simulates the Space Shuttle external tank (ET),
is of aluminum construction, hollow, and consists of an ogive-shaped nose,
cylindrical mid-section, and hemispherical aft dome. Two close-fitting top-

side covers allow convenient access to the interior of the model,

*
In the 9 x 7 tunnel, the strut runs horizontally across the 9-foot tunnel
width, while being vertical in the 1l1-foot transonic tunnel.

* %
Messrs. Barney Roberts and Tom Grubbs.



A sharp-edged strut, also of aluminum, supports the ET body from the
sting. Hollow leading and trailing-edge covers provide space for routing of

instrumentation leads, control wiring, and plumbing.

Two solid rockets are symmetrically mounted on opposite sides of the
ET. These units, shbwn in cross-section in Figure 5(a), each produce a thrust
of approximately 775 pounds at a combustion pressure of 200 psia. The thrust
and moment loads are resisted by a ''foot-pad' which is recessed into a milled-
out pocket in the ET side wall and a forward pin which is bolted into a recess
in the ET wall. The SRBs were originally designed and fabricated by Calspan
for use on the Rockwell International 2.25% scale 19-0TS Space Shuttle base
heating model. For the present program, however, new larger throat nozzles

were substituted for the normal SRB nozzles previously used by Rockwell’

As illustrated in Figure 5(a), the SRB assembly consists of a re-
movable conical nose fairing, cylindrical body, aft skirt (shroud), and an
expansion nozzle of area ratio € = 3.1. Details of the nozzle internal
contour, which as speﬁifiqd by NASA/MSFC, are presented in Figure'S(b). The
SRB internal components are comprised of a removable propellant holder, dia-
phragm assembly, and gimbal adapter (0° gimbal angle for the present prograin)
to which the nozzle attac%és. Design internal operating pressure for the
original design was 600 psia, although the maximum nominal combustion pressure
scheduled for the present program was only slightly over 200 psia. All
internal components downstream of the propellant holder are thick-walled copper,

for heat-sink cooling.

Since only a short:burning duration (of order 200 msec) is allowable
because of the heat-sink cooling, a minimum thickness propellant web was used.
To prepare a propellant load, thin (0.100-inch thick) strips of solid pro-
pellant were bonded to the surface of a thin aluminum sheet with a commerically-
available contact cement. These sheets were subsequently rolled up and in-
serted: into. the cylindrical propellant holder, providing an internal-burning,
Cyl;ndrical grain configuration. For higher combustion pressures requiring

more propellant burning area than is available on the cylindrical surface, an



additional central cruciform blade is provided which spans the combustor I1.D.

and has propellant bonded to both faces. For the three nominal combustion
pPressures employed during the 11 x 11 tunnel tests (Pc = 125, 150, and 515 psia),
propellant areas of 108, 129, and 155 sq. in., respectively, were used. Pro-
pellant loads were prepared both at Calspan prior to the test as well as on-

side at Ames while the test was in progress.

Attached to the downstream end of the propellant holder is a diaphragm
package containing an 0.028-inch thickness of mylar diaphragms [identified in
Figure 5(a)]. Assembly of the diaphragm package and insertion of the rolled-
up propellant load into the propellant holder was performed outside of the
tunnel on the bench prior to tunnel entry. Hence, the actual motor loading
process in the tunnel was quickly accomplished by simply first removing the
spent propellant holder and then inserting the newly-prepared propellant holder
assembly into the motor case from the upstream end. Re-installation of the
conical nose places the propellant holder in compression, effecting all
necessary gas seals(O-ring). With this procedure, removal of the nozzles or

aft skirt between firings was not required.

Two propellant formulations (UTP-3001 and LPC-580C) were evaluated
during combustor checkout at Calspan prior to the formal test program at Ames.
However, the latter propellant was used exclusively during the 11 x 11 tumnel
tests, when the only useful test data were obtained. Thus, LPC-580C is the
only propellant considered in the present report; its physical characteristics

and combustion properties are summarized in Table I.

To obtain simultaneous and rapid ignition of the two SRBs, the motor
cases were filled with an oxygen-rich mixture of gaseous ethylene-oxygen at a

pressure of one atmosphere just prior to firing. This ignition gas introduced

*A full cylindrical load was 129 sq. in. (6-in. circumference x 21-1/2 in.
length). Thus, the larger 155 sq. in. case required the-additional center
blade, while the 108 sq. in. load was obtained by reducing the length of
the cylinder to only 18-in.



into the motors from outside the tunnel through a copper tube-which passes
through the strut and sting and connects to a central manifold located in the
external tank. Ignition (by means of pyrotechnic igniters)* and the resultant
constant volume combustion of this gas mixture instantaneously exposes the
propellant surface to an extremely hot (5000°F) oxidizing environment providing
rapid (and more importantly, simultaneous) ignition of the two motors.
Following ignition, the solid propellant products are contained in the indi-
vidual motors (with pressure balancing occurring through the ignition gas
inlet/cross-feed manifold) until the mylar diaphragms rupture somewhere near
the desired operating pressure. During both previous Rockwell tests and the
present program, reliable and repeatible ignition within 10 msec of igniter

firing and nominal steady burn times of 150-200 msec have been observed.

C. PRESSURE INSTRUMENTATION

A total of 27 static pressure orifices are located on the model; 15
on the ET dome, three on the .bases of each of the two SRB aft skirts (= 6
total), and three on each of the SRB nozzle internal sﬁrfaces (= 6 total}.
Locations of the pressure taps and corresponding Calspan identification
numbers are shown in Figure 6, supplemented by Table Ii‘which correlates the
Calspan and Ames numbering systems. In addition to model surface pressures,
there is a pressure tap in each of the SRB combustion chambers, making a total

of 29 model pressures in all.

Pressures on the ET dome are routed through 1/16-inch steel tubing to
15 Statham PM131TC, *15 psid transducers located under the forward ET cover as
shown in Figure 7(a). The six SRB aft skirt base pressures are similarly
sensed through 1/16-inch steel tubing which is bent over the SRB surface
(following the external contour) and into thé ET at the dome/body junction.

These tubes are connected to six additional Statham PM131TC differential

®
For the 9 x 7 tests, separate igniters were installed in each SRB, while
during the 11 x 11 phase of the program only a single igniter was employed,
. symmetrically located midway between the rockets in the cross-feed manifold.



pressure transducers which are installed on a bracket under the rear ET cover.
Reference pressures for the 21 differential transducers are provided by plastic
tubes connected to a multi-nipple manifold located under the forward cover,
identified in Figure 7(a). The reference manifold connects, in turn, to an
external vacuum source and precision'manometer by means of a 1/4-inch tube
which is routed out of the model along the forward edge of the strut. Tubing
connections for all of the 21 differential transducer lines are made with

slip-on plastic tubing.

Transducers for the nozzle internal pressures (6 Statham PA208TC,
absolute type) are also installed under the ET rear cover and are attached to
the nozzle pressures tubing with 1/16-inch Swagelok connectors as illustrated
in Figure 7(b). Finally, the two SRB chamber pressures are measured with two
Statham PA856-IM, 0-1000 psia transducers located under the forward cover and
connected: to the SRB pressure port via 1/8-inch steel tubing and Swagelok
fittings. A tee and loop in each line allows purging, venting, and oil-
filling of the PC lines to minimize plugging (due to A1203) and exposure of the
transducer diaphragm to corrosive (HC1) exhaust products. Both a Pc trans-

ducer and its tee/loop connecting plumbing are visible in Figure 7(a).

Transducer excitation and output signals were transmitted through
shielded conductors terminating in a plug-in connector at the transducer end
and spade lugs at the opposite end for attachment to permanent facility wiring

inside the tumnel strut.

D. AUXILIARY EQUIPMENT

As noted earlier, ignition of the SRBs is effected by burning a
mixture of gaseous ethylene and oxygen within the rocket chamber. Loading of
this mixture into the rocket was carried out remotely from the control room,
by means of the pre-fabricated ignition gas loading system shown schematically
in Figure 8. A step-wise gas loading sequence in which the 02 and C2H4 were
introduced alternately into the rocket chambers assured adequate mixing of the
ignition gases before firing. Additional details on the ignition gas loading

system, operational procedures, and safety features may be found in Appendix A.



E. INSTRUMENTATION AND RECORDING

All 29 pressure transducers used in the program were provided by
NASA/MSFC and are of the strain-gage, four-légged bridge type requiring an
excitation voltage in the range of 5-6 V. Pressure calibrations were per-
formed on the transducers by NASA/MSFC to verify output linearity prior to

their delivery to Calspan for installation.

At Ames, signal conditioning for each transducer was provided by
Newport power supp1y/ba1aﬁce/preamplifier/DVM readout modules, mounted in
facility-supplied eight-channel rack mounts (see Figure 9). Output signals
from the Newport units were recorded with the Ames NOVA digital data acquisi-
tion system, at a nominal sampling rate of once every two msec. Details of
the operating characteristics of the NOVA have not been provided to the author,

and thus the system will not be described further in this report.

A direct writing oscillograph was also provided by Ames to provide
"quick-look" analog records of a number of pressures at representative loca-
tions to allow a rapid, on-line assessment of the data quality prior to pro-

ceeding to the next test condition.



III. TEST PROGRAM

A. TEST SCHEDULE

The test program was performed in two distinct phases separated by
approximately eight months. The initial phase was conducted in the 9 x 7
tunnel during a two week period in December 1975, followed by the second
phase which was carried out in the 11 x 11 tunnel during late July/early
August 1976.

1. 9 x 7 Test Program

. Following a number of delays in getting the program underway at
Ames, including late arrival of hardware which had been lost during shipment
from JSC and problems with the NOVA data system, a total of five rocket firing
runs were made in the 9 x 7 tunnel at Mach 2 on 11-12 December 1976. However,
during loading of propellant into the SRBs in preparation for Run No. 6, a
forward gland nut on one of the rocket cases seized up and could not be
loosened. Since extensive machining of the SRB appeared necessary to remove
the nut, and remaining available tunnel occupancy time was limited, the MSFC
Project Engineer elected to cancel the balance of this test phase. Subsequent
detailed analysis of the model pressure measurements obtained during the five
test firings by NASA/MSFC revealed excessive noise and scatter in the reduced
data, attributed to anomolous operation of the NOVA data acquisition system.
As a result, all of the data obtained during the 9 x 7 test phase was judged
by the NASA/MSFC Project Engineer to be unreliable and not to warrant any
further analysis or- documentation. Thus, none of the results of the 9 x 7

tunnel phase are included herein.

2. 11 x 11 Tunnel Program

_ Jet-off testing for the 11 x 1l tunnel phase of the program was
initiated on 28 July 1976 (Runs 1-4), following a relatively smooth and un-
eventful installation of the test model and assembly/activation of the NOVA



data system. Hot firings commenced with Run 5 on 29 July, with a total of

®
28 successful rocket firings being made by 4 August 1976 at which point all
available propellant had been consumed and the scheduled test seéquence was

complete.

Tests were performed at nominal free stream Mach numbers of 0.5,
0.9, 1.05, 1.2, and 1.3, and rocket combustion pressures of 125, 150, and
215 psia. Nominai run conditions for all runs in the 11 x 11 tumnel are
summarized in Table III, while Table IV compares the planned test parameters
with the conditions actually achieved. Although the planned plume pressure
ratios were generally not exactly achieved, the agreement between planned and
actual is reasonable and the range of plume pressure ratios adequate to satisfy

program objectives.
B. DESCRIPTION OF THE 11 x 11 TEST PROGRAM

1. Pretest Activities

In general, modél installation proceeded smoothly, with approxi-
mately one week being required to connect up all .wiring, install the model in
tunnel, assemble and pressure check the ignition gas system, checkout and
calibrate all pressure instrumentation through the NOVA, and generally prepare
for testing. During this pretest period, replacement of the SRB nozzle
pfessure tubes (which has been damaged during the 9 x 7 tests) was performed
in the Ames machine shop. As a result of overheating the nozzle during the
soldering processes, severe wérbing of the nozzle contour was experienced.
This nozzle distortion was satisfactorily corrected, however, by remolding the

nozzles over a 20° conical aluminum mandrel.

Boundary layer trips consisting of 0.03-inch (nominal) -diameter
glass beads, bonded to the model with Polaroid print coater, were provided on
the SRB forward section and.ET nose as shown in the following sketch and as

identified in Figure 4(a).

* }
Out of 29 attempted; one firing was unsuccessful due to a faulty igniter.

i0



SRR NOSE

Routing of the 1/16-inch steel tubing from the SRB skirts and nozzles into the
ET near the hemisphere/cylinder junction unavoidably resulted in blockage of
orifice P15, thus rendering any data from this tap questionable. Since P14 is
in close proximity to P15, data from this pressure tap should also be regarded
with suspicion. Problems with a nozzle pressure transducer (P23) could not be
resolved, so this pressure tap was capped off and remained unused for the entire

program.

Calibrations of the ET and SRB aft skirt differential pressure
transducers (P1—#-P21) were performed during the pretest period over a range
of %7 psid by leaving the pressure taps exposed to atmospheric pressure and
varying the reference pressure both above and below atmospheric. Nozzle
internal pressures (P22-—#~P27) were calibrated by sealing off the nozzle
exits with special gasketed aluminum plates, and pressurizing the rocket
interior up to 30 psia. The rocket Pc transducers (P28 and P29) were similarly
. calibrated by‘closing off the combustion chamber with a heavy mylar diaphragm
at the diaphragm station and pressurizing the combustor to 200 psia. In both
the latter cases, pressurization of the rocket interior was controlled through

the ignition gas loading system (using N, as the test gas) and monitored with

2
appropriate precision dial gages.

2. Test Operations

Formal testing commenced during late evening of 28 July, with

wind-only data being obtained for comparison with comparable data previously

11



acquired by NASA/MSFC personnel in the AEDC Tunnel 4T. Four runs were made at
Mach numbers of 0.5, 0.9, 1.3 and 1.2 (Runs 1-4) all at a nominal free stream
total pressure of 1415 psf. On the basis of an assessment of the data by the
NASA/MSFC Project Engineer in attendance, a decision was made to proceed with

the rocket firing portion of the test program during the afternoon of 29 July.

Following problems with an improperly operating ignition gas
load gage,* the first hot firing (Run 5) was made at about 3:30 PM during the
afternoon of 29 July 1976. Although the rockets operated satisfaétorily, the
run was voided because of an improperly set tunnel Mach number and total

pressure.

Testing continued through the second shift of 29 July, with
Runs 6-9 being made during the evening hours. The only difficulty encountered
during this sequence of runs was plugging of the "leaky" check valve in the
jgnition gas line with solid propellant residue prior to Run 7, am occurrence
which prevented normal loading of the ignition gas intc the SRBs. The check

valve was readily replaced with an available spare with only minimal delay.

During the second shift on Friday, 30 July, five more firings
(Runs 10-14) were successfully completed prior to the weekend shutdown of the
facility. In preparation for Run 10, the oil-filled Pc lines were purged and
refilleﬁ with silicone o0il, énd measurements taken of the nozzle throat
diameters. Nozzlg throat dimensions obtained during this, and subsequent

checks, are summarized in Table V.

Testing was resumed during the second shift on Monday, 2 August,
with the Pc lines again being filled with fresh oil and the nozzle throat
dimensions measured prior to the initial run. Four firings were successfully

made (Runs 15, 16, 17, and 19) while Run 18 was aborted because the propellant

=
This gage was a brand-new unit provided by Rockwell to replace one that had
previously been used during the 9 x 7 tests, borrowed, and subsequently
misplaced by Rockwell.

12



failed to ignite. Since subseguent checking disclosed no faults in the igniter
electrical circuit and two identical igniters were successfully fired external
to the model, it was concluded that the original igniter must have been faulty.
Thus, a new igniter was installed and the run re-attempted using the same
propellant load. This attempt was successful, and the run was re-numbered

Run 19.

Testing continued during the afternoon and evening of 3 August,
with Runs 20-28 being accomplished with some minor problems. Prior to this
sequence, the Pc lines were again cleaned and re-filled with oil, while re-
placement of the ignition gas line check valve was found necessary between
Runs 20 and 21. During assembly and installation of the propellant load for
Run 26, the left SRB propellant holder was inadvertently reversed, end-for-
end, from its normal arrangement. Since the combustion pressure is sensed
through a series of holes in one end of this cylinder (normally at the downstream
end, just ahead of the nozzle inlet), this backward installation resulted in
the Pc being sensed at the upstream end of the combustion chamber instead.
The combustion pressure is considerably higher at the forward end of the
chamber, and the discrepancy was immediately apparent upon examination of the
data following the run. It was concluded by the NASA/MSFC Project Engineer

that the data could be salvaged, however, and thus the run was not repeated.

Following the (now) routine Pc line refilling, throat measurement,
and ignition gas-line check valve replacement, testing commenced around noon
on 4 August, with five firings (Runs 29-33) being made to compléte the test
progfam.* During this series of runs, the incident of Run 26 was unfortunately
repeated during Run 30 when the propellant holder was mistakenly again assembled

backwards (this time in the right hand SRB), resulting in P29 recording the

*
It is noted that through Run 28, all propellant charges were assembled from
loads which had been prepared (glued) in Buffalo several weeks in advance
of their use in the program. Propellant loads for the last five runs,
however, were prepared onsite at Ames only a day before their use. Their
somewhat erratic behavior (e.g., slightly lower than anticipated Pc¢) may
be attributable to their lack of aging.

13



SRB forward end, rather than aft end, combustor pressure. Again, it was
decided by the NASA Project Engineer that the data could be used and the test

schedule proceeded on uneventfully through the remaining runs.

In summary, a total of 28 successful combustion Tumns was made
during five tunnel- operating periods, with nine firings being made during one
12-hour shift. Only one firing malfunction occurred, attributed to a faulty

igniter rather than any of the rocket hardware or its support equipment.

Operation of the tunnel appeared to be quite compatible with a
rocket test of this type. Post-run purging and access to the tunnel to prepare
for the next run was performed on a cycle consistent with the rate at which
fresh propellant loads could be assembled by Calspan support personnel.

Samples of the tunnel air routinely obtained by NASA/Ames personnel following
an appropriate purging cycle revealed no evidence of ‘HC1 in the atmosphere and

confirmed the safety of the tunnel environment for working personnel.
The NASA/JSC-designed model functioned quite well, providing
adequate accessibility for transducer/component installation during pretest

and on a run-to-run basis during the test program.

3. Test Sequence

After the rockets were loaded and leak-checked and the tunnel
was closed ready for testing, all pressures were scanned by the NOVA system
to obtain WIND-OFF, JET-OFF reference data at tunnel static pressure conditions
("initial zero reading'). Electrical calibrations were also obtained for
every chamnel at the start of each run by inproducing a pre-determined
electrical signal (“initial calibration reading'l) which effectively calibrated

all system electronics:
The tunnel was then turned on and while tunnel flow conditioms

were being set, the SRBs were loaded with ignition ‘gas to one atmosphere.

When tunnel conditions became stable, a NOVA scan was made to obtain WIND-ON,

14



JET-OFF pressure data for all transducers {"initial tunnel readings'). Upon

notification that the ignition system was armed and ready to fire, the tunnel

engineer started the following test sequence via the NOVA computer:

(1)

(2)

(3)

(4)

()

Direct writing oscillograph turned on (chart speed /%32

inches/second);

After a suitable delay to allow the oscillograph to reach
operating speed, NOVA started sampling pressure transducers
to obtain WIND-ON, JET-OFF baseline data for a total of

10 samples (20 msec nominal time duration);

At 20 msec, NOVA transmitted a signal to the rocket igniter

system to fire the rockets while data sampling continued;

The rockets reached steady conditions in approximately
40 msec; data sampling continued for a total duration of

400 msec, well beyond the end of combustion;

Subsequent to rocket firing, the pre-run data sampling
sequence was repeated (in reverse order), obtaining first
WIND-ON, JET-OFF post-run baselines ("final tunnel readings''),
followed by "final calibration readings' and "final zero

readings'.

15



IV. PRESENTATION AND DISCUSSION OF THE DATA

A. DATA PRESENTATION

All data were collected (sampled), reduced to absolute, ratio, and
cqefficient form, and printed out in the tabular format iliustrated in
Figure 10* by the Ames-supplied and operated NOVA data acquisition system.
Since a complete set of the data tabulations has been transmitted by Ames tO
the MSFC Project Engineer, and reproduction of the entire 500+ pages of data
printouts in this report would be prohibitively costly, tabulated data have
not been included herein. However, some supplementary data must be provided
in order to correlate clock times and calendar dates during which the actual
calibration and run events occurred with the clock times and dates shown on
the data tabulations which correspond to the times at which the data were
actually reduced (approximately one month after the test was completed). For
example, Run 20 actually started at 13:40:52 on August 1976, whereas the data
printout for Run 20 which was.réceived.by Calspan (not shown in this report)
defines the run start time as 20:18:54 on 2 September 1976, which is (pre-
sumably) the time at which the data were reduced by Ames from the tape record.
Table VI is included to provide the necessary correlations between actual
times/dates and those shown on the data tabulations. The information prd—
vided in this table was transmitted to Calspan by the NASA/MSFC Project
Engineer during September 1976, and is reproduced exactly as received to avoid

any possibility of transcribing or typographical errors.

As an aid to data interpretation and evaluating flow steadiness with
time, the SRB rocket chamber pressures are plotted as a function of time in
Figure 11 for all valid data runs between Runs 6 ~—&~33. It is seen from
these plots that the chamber pressures were, in most cases, acceptably steady,
normally varying no more than 5 to 10% during the test event. Burn duration

#

The. edited records illustrated in Figure 10 ave taken from Run 18, a run in
which the SRBs failed to fire. Thus, these particular date have no significente
in themselves, However, the format is identlcal to that employed for all good
data runs.
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varied with chamber pressure (since the propellant thickness was constant),
but was at least 250 msec for all runs. Chamber pressures in the two rockets
were consistently well matched, illustrating both adequate quality control and
similarity between propellant loads and the effectiveness of the cross-feed

tube in balancing any pressure variations between the two SRBs.

An examination of the abscissas in Figure 11 shows two time scales,
"actual' and “computer". It is Calspan's understanding that the nominal time
interval of 2 msec between data samples was, in fact, actually 2.3 msec. This
longer interval appears to be confirmed by a comparison of the overall rocket
firing duration as indicated by the oscillograph analog records and the NOVA
tabulated printouts. Thus, although the data were plotted in the 2 msec steps
provided in the tabulations for convenience, actual corresponding real times

are also included.

B. DISCUSSION OF THE-DATA

In view of the large amount of data'collected.during the test program
(i.e., approximately 150 samples per run x 30 transducers x 32 data runs
150,000 data points), it would be physically impossible and beyond the scope
of the program to examine and evaluate every data point for consistency and/or
reasonableness. Further, since none of the data previously obtained in the
AEDC 4T tunnel with a similar configuration (albeit jet-off) or other relevant
NASA cold jet data have been made available to the writer for data comparisons,
the present report includes only samples of the data to illustrate behavior

and leaves the detailed analysis of the data to the user.

For purposes of discussion, the pressure at the center of the ET dome,
PET1 has been selected as being representative of the base pressures. To
illustrate the rise characteristic and time to equilibrate, Figure 12 éompares
the pressure-time histories of the SRB combustion pressures, PCL and PCR, and
PET1 during Run 33. It can be seen that PET1 achieves a nominally steady
pressure level within approximately 100 msec after the start of pressure rise,

in phase with PCL and PCR, and remains essentially constant for another 100 msec.
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This time appears quite adequate to insure steady state, equilibrium pressure
levels have been achieved in the base region. To illustrate the behavior of
.other representative pressures as a function of time, the on-line oscillograph
record from Run 11 has been reproduced in Figure 13. It is seen that all ET
dome (ET1 and ET4) and aft fairing pressures (L1-and L3) stabilized within
20-30 msec during this run, whereas the nozzle internal pressures (NL3 and
NR3) took somewhat longer. In any event, however, all pressures were equi-
librated for a sufficiently long period to assure attainment of steady state

levels.

In Figure 14, the variation in ET1 pressure with plume pressure ratio,
Pc/P,, , and free stream Mach number is illustrated. The behavior appears
reasonable, with base pressures increasing as plume pressure ratio increases

(i.e., more plume spreading).
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V. CONCLUSIONS

A 2.25% scale pressure model of the Space Shuttle external tank and
hot-firing solid rocket boosters was successfully tested in the Ames Research
Center 11- x 1l-foot transonic tunnel. The model, solid propellant rockets,
instrumentation, and data recording system functioned extremely well, allowing
28 successful rocket firings to be made during five tunmnel operating periods,

with nine runs being achieved in a single 12-hour test period.

Pressure data were obtained over a range of transonic Mach numbers

{0.5 to 1.3) and plume pressure ratios ranging from 11 to 89.

The model solid rocket boosters operated satisfactorily, demonstrating
reliable ignition, good pressure matching, and over 200 msec of steady com-

bustion pressure.

A limited number of test runs performed earlier in the Ames 9- x 7-foot
supersonic tunnel produced no useful data because of data acquisition system

problems.
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APPENDIX A
IGNITION GAS SYSTEM

A Background -

The SRB solid propellant is ignited by the rapid combustion of a
flammable mixture of gaseous ethylene (C2H4) and oxygen_(OZ) whose ignition
is, in turn, effected by a Holex 1196A pyrotechnic igniter. The following
paragraphs briefly describe the basis for the ignition gas technique and the

loading procedures employed to introduce the gases into the SRBs.

It has been conclusively demonstrated during extensive checkout firings
at Calspan'during early 1975 in preparatibn for the Rockwell 19-0TS Space
Shuttle base heating tests in the LeRC 10 x 10 wind tunnel that reliable and
rapid ignition of the SRBs cannot be achieved by the use of commercially
available (or enhanced) pyrotechnic igniters alone. From these studies, it
was concluded that the available igniters simply do not provide sufficient
energy to rapidly and uniformly heat the propellant surface and initiate com-
bustion on the millisecond time scale'necessary to assure simultaneous ignition

of two rockets.

It had previously been shown by Calspan, however, that rapid and re-
peatible ignition can be achieved by pre-loading the closed rocket combustion
chamber with an oxidizer-rich combustible gas mixture (typicailly C2H4/02, with
of order 200% excess oxygen) and igniting the mixture with a spark plug or,
as in the present case, pyrotechnic igniter. Such a technique has been
routinely used at Calspan for many years and was employed on the present FA-23

\
program.

B. Ignition Gas Loading Procedure

Coincident with loading of propellant into the SRBs, the discharge
end of the SRB combustion chamber is sealed off with mylar diaphragms. This

allows the ignition gas mixture to be retained within the chamber and, subsequent
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to propellant ignition, allow a rapid pressurization of the combustion chamber
which also aids in the attainment of vepeatible start transients. The

diaphragm fails at, or near, the design operating pressure.

As shown schematically in Figure A-1, the two SRBs are pneumatically
connected at their midpeint by a 1/2-inch 1.D. tube which spans the interior
of the external tank. This duct provides a path for pressure eéualization
between the two rockets during burning as well as an inlet for the C2H4/02
ignition gas mixture. Introduction of the ignition gas into the rockets pro-

ceeds as follows: »

(1) Following installation of the propellant load and igniters, and
evacuation of personnel from the tunnel test section, the SRBs
are leak-checked with Ny at a pressure of AZ60 psia. Pressuriza-
tion is provided from the ignition gas manifold and monitored on
the compound 'load gage' shown in Figure A-1. If no leakage is
detected (i.e., no pressure drop in a valved-off system after a
reasonable waiting period}, the test section is secured and
tunnel start-up commences.

(2) While test conditions are being- established, residual gases in the
SRBs are evacuated by means of the vacuum pump in the ignition
gas system.

(3) Approximately 5-10 minutes prior to the time of rocket firing,
ignition gas is introduced into the SRBs (remotely from the con-
trol room by actuating solenoid valves "fuel' and "oxidizer" on
the ignition gas panel and the "load line'' solenoid valve inside
the model just ahead of the equalization duct). The sequence of
events is as follows:

(a) The rockets are initially pressurized to 2.0 psia with
CpHgq, followed with O, to 10 psia (total pressure), then
by CoHs again to 11.2 psia (total pressure), and finally
with O, to 20 psia (total pressure};

(b) After waiting &S5 minutes for mixing to occur, the system
is vented to atmospheric pressure (nominally 14.7 psia)
through the vent valve;

(c) The 'load line" solenoid valve in the model is then closed,
trapping the combustible CoHy/03 mixture in the SRB chambers
at one atmosphere pressure;

(d) To preclude any possibility of ignition gas burning in the
load line (due to leakage through the "load line" solenoid .
valve, for example), the load line is purged by loading the
line to <60 psia with N, and venting to atmosphere several
times, followed by evacuation, and finally, filling with Np
to 1 atmosphere. '
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(4) The SRBs are fired by igniting the ignition.gas with the pyro-
technic igniters.

C. Gas Panel and Control Functions

Major features of the ignition gas system, which is assembled on a

board for mounting adjacent to the tunnel, are shown schematically in Figure A-1

and are as follows:

(1) Standard welding-bottle size N, 0y, and CpH, cylinders, equipped
with conventional hand-actuated pressure regulators provide the
working gases (line pressures of @ 50-60 psia are employed);

(2) Check valves are installed in each gas line to prevent possible
backflow of gases;

(3) Gas flows are actuated from the control room by remotely controlled
ON-OFF solenoid wvalves;

(4) All gas feed lines connect to a common manifold equipped with a
relief valve, and vent lines (solenoid valve actuated), needle
throttling valve, and pressure monitoring gage;

(5) The "load line'" monitoring gage, a precision dial gage of the
solid front, "blowout" type is mounted remote from the gas panel,
adjacent to the outer control room wall and directly visible to
the gas panel operator through the control room windows;

(6) The system consists of tubing, fitting, valves, and other com-
ponents all rated for operation at 3000 psi and was completely
assembled, pressure/leak checked, and cleaned for oxygen
service at Calspan prior to shipment to ARC;

(7) Routing of the ignition gas between the control panel and SRBs
occurs via a 1/4-inch line which passes through the tunnel
strut, down the model sting, and into the external tank where
it connects to the "load line" solenoid valve;

(8) Protection of the seat of the "load line' valve against burning
ignition gases and hot combustion products from the SRBs is
afforded by a "leaky" check valve between the equalization duct
and valve inlet. This valve allows initial evacuation of the
SRBs over a 30 minute time scale while minimizing the reverse
flow of hot gases during the 200 msec rocket burn. Such a
technique has been frequently used at Calspan and found to
function well.
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Safety Features

1

(2)

(3)

(4)

Oxidizer and Ffuel valve switches are interlocked and of an
automatic return push button type to prevent the two gases from
being turned on simultaneously or inadvertently left on;

The vacuum valve is interlocked with the oxidizer and fuel valves
to avoid loading of undiluted oxidizer or fuel gases directly
into the vacuum pump;

The vent and vacuum valves are energized from a common double
throw CENTER OFF switch to avoid the possibility of vacuum
pumping with the vent valve open. A mechanical stop which must
be deliberately repositioned by the operator minimizes the
possibility of inadvertently exhausting low pressure OXygen
which has been previously loaded into the system through the
vacuum pump; y

An electrical interlock prevents igniter firing with the "load
1ine" solenoid valve inside the ET in the open position.
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TABLE I

PROPERTIES OF LPC-580C SOLID PROPELLANT

Physical Characteristics

Composition
Thickness
Density

Autcignition Temperature

AP/PBAN/16% Al Composite
0.100 inches

0.065 1b/in3

420°F

Combustion Properties (theoretical calculation)

Combustion Temperature
Molecular Weight
}{‘ effective

Combustion Products
CO7

Hp
Hy0
N2

co
HC1
Al,03

Other (H, C1,
OH, AlClp, etc.)

6330°R
26.8
1.17

mole %
2

T 28

12

8
22
12
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TABLE 11

PRESSURE TAP IDENTIFICATION

Location Calspan Designation Ames Designation
ET dome P1 ET1
P2 ET2
P3 ET3
P4 ET4
ET body PS5 ETS
P6 ET6
¥ P7 ET7
ET dome P8 ET8
P9 ET9
P10 ET10
P11 ET1i1
P12 ET1i2
P13 ET13
Pl& ET14
7 P15 ETi5
SRB aft skirt P16 L1
P17 L2
P18 L3
P1g Rl
P20 R2
Y P21 R3
Nozzle internal p22 ~NR1
surface P23 NR2
P24 NR3
P25 NL1
P26 NL2
P27 NL3
SRB chamber P28 PCL
* P20 PCR
Tunnel sidewall PSWALL

P30
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TABLE 11X

11 x 11 TUNNEL NOMINAL TEST -CONDITICNS

Run M _ Pr (pgf) P. (psia) Comments
1 0.5 1413 - Wind only - no rocket firing
2 0.9 1417 -
3 1.3 1413 -
4 1.2 1415 -
5 1.1 2000 175 Tunnel conditions improperly
set - invalid run
6 0.9 1550 215 Rocket firing
7 0.9 2502 125
8 0.9 1063 215
9 1.2 1519 150
10 1.2 3000 125
11 1.2 992 ) 215
12 1.3 1768 150
13 1.3 1359 150
14 0.5 2397 150
15 1.05 2773 150
16 1.3 1002 215
17 | 1.05 1075 150 Y
18 1.05 870 215 No rocket firing -~ igniter
: malfunction
19 1.05 870 215 Rocket firing
20 0.5 954 150
21 0.5 699 215
22 1.2 848 125
23 1.2 1111 ’ 150
24 0.9 1804 150
25 0.9 885 150
26 1.3 1895 150
27 1.05 1711 150 - Y
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TABLE III (Concluded)

Run M Py (?sfj P. (psia;‘) Comments
28 1.05 314 150 Rocket firing
29 1.3 961 150
30 1.3 2122 150
31 0.5 1378 150
32 1.3 1357 150
33 0.5 215 ?

10438
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TABLE IV

11 x 11 TUNNEL TEST PARAMETERS

23

| - ;§g£§2§3 Plume Pressure Ratio, Re/ﬂr cun No.
Planned Actual
0.5 34 42.3 56.2 21
32 35.1 32.0 33
28 27.0 28.0 20
22 18.6 17.2 31
12 10.6 11.0 14
0.9 40. 54.4 48.6 8
35 36.9 45.6 25
32. 31.5 32.8 6
25. 20.3 23.0 24
_ 17 12.2 11.8 7
1.05 42 71.5 74.2 19
38 53.2. 57.6 28
32 40.3 42.4 17
27 °25.3 26.8 27
19 15.6 16.6 15
1.2 45 75.8 80.2 11
40.5 47.4 53.1 23
36. 34.5 36.6 9
29 21.4 21.0 22
22 14.5 14.5 10
1.3 46. 85.5 88.8 16
' 42. 62.5 58.0 29
37. 44.0 47.8 13
41.6 32
36.5 26
31 31.6 30.9 30
Y 28.3 29.5 12

*
These values are based on an average
data tabulations at 160 msec < t <
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TABLE V

SRB NOZZLE THROAT DIMENSIONS

/ .
kY
. \.

View Looking Forward

i External
\ Tank ]
j
. s .
Left SRB ~ - v Right SRB
- -
. \"\,,,_____f«//
Measurement taken Inches
prlor to: Dl D2 D3 D4
Run 10 1.753 1.753 1.756 1.754
Run 15 1.754 1.753 1.753 1.754
Run 20 - . 1.754 1.755 1.754 1.755
Run 29 _ 1.755 1.756 ©1.753 © 1.753

Nominal throat diameter (as machined) = 1.757 ¥ .001
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(REPRODUCED FROM REF. 1}

ORY ALR STORAGE
SPHERES

AFTER
TRANSFORMER
COOLER STATION

3-STAGE AXIAL FLOW
FAN

8-8Y 7-FOOT'SUPERSONIC
TEST SECTION

VACULM

*-"11- BY 11-FOOT TRANSONIC
f SPHERE

TEST SECTION |

11-STAGE
AXIAL FLOW
FAN

BY-PASS PIPING TO
AN AIR INJECTOR

FLOWDIVERSION
VALVE

9- BY 7-FOOT SUPERSONIC
TEST SECTION

MAJOR COMPONENTS OF TIHE UNITARY PLAN WIND TUNNELS

o Sovtons R ot | pond Range | SN | U | RO e el Femures
Eleven Foot Transonic Eleven by Eleven | 0.4t0 1.4M | 0.5102.25 580 1.7t09.4X108 | 250 to_2000 Slotted "l:rest Section, 4 Walls
Nine-by Seven-Foot Supersonic Seven by Nine 165t025M | 031020 580 15t06.5%10% | 200104450 |
Eight-by Seven-Foot Supersonic Eight by Seven 245t635M | 0.3t02.0 580 1.0 to 5.0 108 2d0 to_ 1000

Figure T NASA/AMES UNITARY TUNNEL
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Figure 2 UNITARY WIND TUNNEL TEST SECTION CONFIGURATIONS
ORIGIN.
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AZ3  15X11 FT
DATE:! 9/ Z/xx TINE= 19:06:134

NUMBER OF SANFLIS: 200 RUN TINf= 338 WIC DATA WRITTEX OX TAYE FILE » @
.

g;glé PTAPI7 PTAYIB PYTAF25 PTAP26 PTAP2T PTARRS PTAF2? [PTAPI9  PTAP28 PTAP21 PTAF22 FTAFZ3 FIAPRS PSWALL
1 PTAP2  PTAFS PTAPS PTAPS PTAPS PTAPY ETAPG PTAPS PTAT16 PTAPI! PTAPIZ TTAPIS PTAF14 FTAP1E

‘IHITIAL CONVERSION FACTORS FRON VOETS 0 P81 I

+B1BEB 81967 81816 1.64205 1.64726 1,64338 59.29770 08.79356 .BI7T61 .BIV84  .B2023 1.68B94  .00060 1 64698 . EI2ET
JB1943  B18V6  .U1BSE  .81939 B1760  .A81854¢ .BIT2? Bi633 .B162¢ .B81617  .B16GB B1837  .81668 BIT4T .61B64

PTAPI6 FPTAP17 PTAFIE  PTAP2S  PTAP26 PTAP2Y PTAP2B  PTAPZY PTAPI®  PTAPZE
I'7.

PTAP1  PTAPZ  PTAP3  PTAP4  PTAPS _ PTAPG PTAPY L o R o R

iz PTAP10 PTAPII  FTAP1Z FPTAPIZ PTAFI4 FPTAPIS
INITIAL CORVERSION FACTORS FRGM VOLTS 'TO PSI N

BIGs 82977 «B196T  1.64233 1.64726 1 64538 39.29778 3B.79506  .B1I71 81476 Bl677 1.63B%¢  .08988 T 63593 Y7696
482362 L2edt 51915 -82039 .B2314 81983  .81962 .B81912  .8L219 81797 .B2378  .B2e89 82376 .82735 .02481

Pl el e et N, e e e s et N s e e,

DATE: 9/ 27%% TINE: 19:36:41

PTAPIG FTAP17 PTAPIE FPTAP2S PTAP26  PTAPRY  PTAP28 PTAP29 PTAPI9  PTAP24  FTAF21 PTAP22 FTAP23  FUAF24 PSWALL
PTAT1  PTAPE  PTAL3 PTAPY® FPTAPS PTAPG PTAP? PTAFS PTAPY PTAP1¢  PTAPI{ PTAP1Z  PTAPI3 FTATI4 PTAPIS

F2eINITIAL ZERQ NEADINGS=xk 19 56-41
11 T6 21 17 o8 3 5 16 2 {4 7 3 G096 3 -7
-2 0 o =16 & =9 L) 1 9 L G 26 7 3

DATE* 9/ 27%% TIKE: 19:36:43

FTAP ! 5 PI}\P 17 PTiFI8  PTAPSY  PIAF26 PTAP2Y FTAP28  PTAP29 PTAP19  PTAP20 PTAP2L  PTAP22  PTAP23 PTAP24 PSWALL
PTAP:  PTAP2  FTA] PTATS FTARS PTAPG PTAF7 PTARE PTAPS PTAP13  PTAPIL PTAPIZ  PTAPI3 TTAPI® TFPIAPIS

!!é | LLAL ;ja;immmo\ HEADTHGS l 19:5614%
14760 14720 14774 LAYS 1 = 1476E 14763 14711 14746

14797 14340 14722 14170
299 3 L6045 19946

(4754 5118 14731 14733
14745 14767 14765 14701 147ART 14000 11743

IEIT[AL CA.LIBRA’I'IOT( CORREC'I'IO Grons

i pesTi i)
1 QUO7E 1 00669 1 LJ292 ! 00"72 1. ODGB! 1. 00!36 1. omaa 1.00014 1.90097 99871 99925 1.00333 1.90027 1 00491 1 00034
LNC TP I W

L9878 1.98136 L 00041 99959 kwkorvEx 1.027 15 | OGO34

DATE 97 27Fx TINE: 19-36-4F *

[IEIT]AL TUNNEL n:.mm.sj

r PINF PREFi PREF2 T TINF HACH KO DYN. PRES RE<FT DEXSITY SFEED SNB VELGCITY
5 (PSF) (PSE) {28F} {DEG F? (DEG F) (PEF (LO/FTIY {FT/SEC)  (FT/SECY
H70, 649 431,347 379 254 ZIDDLSIT 82,041 =16.449 1.95% 833 483 . 1B6AY6E 01  .567I39E-03 1031 882 [MGT.751

PTAPI6 PTAPIT PTYPIB PTAYZS PTAPZA PTAPCT PTAFES PTAUIZLY FTAPLY PTAP2Y PTAF2Y PTAP22 PTT23 eTAYDE  DOTALL
PTAPET  PTAPZ PTAR3 PTAYS PTAPS ETAPS PLuFT PTATE PTAFO PTA1Y  FTAPIY PTAPLZE  PTAPIZ  PlaPl4 PTAPIG

INIT[AL PRESSUHE READINGS [X COUNTS
~3671 =8574 =37TLF -1 ry = 31 ~300% ~-37368 ~1593  ~12968 G246 =12454 -0636
=-3306 -3I58 =340 = —3228 =345 -3326 ~29386 -44%7 =3273  -3490  -g223
2,184 2 136 2.119 Nl SR 15,093 2 10 2,158 2,226 2.069 14.740 2.202 2 771
2 310 2.420 T.448 1 HSB 2 458 2 624 ...65] 2.408 2 266 2.364 2,643 1.760 L.363 2.047 2 399

lmmﬂ. PRESNURE QUEFFICIENTS I

-.84616 ~.369903 ~.3760% 6.19346 -.36754 -—,.85942 ~—.33024 ~.31166 0,.94i80 -.84037 - 80608
. 29097 =.24780 =.20499 -.538.4 .21‘(54 -~ 1B964 —. 14766 =-.231597 -.31290 -.27163 ~,19476 =-.530%e - 27132 —.32217 -.23883

PET1-P PET2/P PETA/P PET4/F PETS/F PET6/P PET?/? PETG/T PETY/P FPETO/P PETIL/P FPETI2/F PETI3/F PET14/F FETIO-P
T LWTLD I L6204 T3 - 87524 80714 0483 (73664 TBIT4 BT 5674 2 SARIIB Tl GolOF

AR R AR T R o Ry TALE W0 ASRY T Foz =7 R Catk L.
IR"I\ STARTED AT 19 57~ 0 1

L I O Faw y P oT TR it CELR.

SE Aiweat TS T am TN e o Cam o A A )

Figure 10a NOVA DATA PRINTOUT FORMAT - PRE-RUN REFERENCE DATA
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183 DATE - TIE PAGE 1
- ThgaZIs pL 9s 27kw 19:5%1 @ 3
- RUN FO. 18 PEASE 1 - CONFIGUAATION 2 TAPE FILE: @
ALL 50 TAPS BATLED EVERY 2 ¥SEG NUNEER SANPLES: 290 SAMPLE RATED 233333, SAMPLEG/ELC
TUNNEL CONDITIONS
T mam V.. PRESS TT PINF PREF] PREF2 TT RE/FT !
nO. ?Jﬁf%;\ :E‘)‘ D(PSF (PSF) . (PBFY {PEF} (PEF) LDEG )
RFFORE !}Bﬂ . 5. 483 870-649 431.947 879.23% 2122 817 B2.041 . 186876F Of
JQERNC FIRE. ::gg; :ggg .ggg 35. “1&9 BT0.649 400666 079,234 2i22.517 81 735 .gg’zggég g:
1.853 308 009 334 519 268.529 430,627 879.961 2123 517 g1:913 .

AFTER IR

PCL PR FML1/PCL ;nwm. gﬁ/?ﬂ. P
P PL3/P
Pl ©TEie PETIP PEDWE FET/E  FETERT PETI/P PETEP
! TIME
) TIME - © MSEC
———
gs19  .14068
15.101 14,976 .10703 18714 14022 . 1403 .9 .
15101 13550 esere 2970 zerl 2,193
-72487 7901 .eolts  .6i736  .Bo0Te  .6VSHR .89338 79183
T ZMSED,
61
5.270 1S 237 19506 14260 1381 14644 (96797 138
foova - 2 o7A  2.178  2.196
s oMy i 2355 .Gie3n .BYIB1  .893e4 Y9316

15. 149
72268
LTe268

15.005

7?736

14 9Bt
72017
LTTEDT

15.0¢7
71700
VTS

15,173
71081
.TT854

15,059
«TATEO

76964

15.077
-73071
96315

14,901
JIMTE
64R2

{ tivrg

ik

sl
STon

15. 142
69976
79940

15, 190
LTN216
Bo234

.81161

i5. 142
70523
. GOYET

15 024
S0907
ap7en

14.95C
59756
81249

15.096
.700B4
60302

18,474
.Yiesa
ARGAR

lx.GG!-

s
lﬂﬁl:'

. 198460
69588
#0190

19694~
. 78224
7921

. 19904
70989
79972

« 19942
0642

8007

19915
~TO157
5o 190

+-2623
59004
80943

19853
L TB241
.B1163

. 19888
70943
.B803Y

AR2TS

13463

. 12680
2,983
5138%

. 13856
2 986
&1300

. 14393
2 987
61334

.- 12382
Z.983
61401

« 10178
2.980
.61686

12746
2,977
-6 1820

-12633
2 988
<6206

13323
2.991
»6223%

- 12687
2.990
62206

. 13144

[y ot
3 ol
G166%

\ 14262
2,072
.82082

. 14509
1.921
.B2699

. 14656
2.07%
.B3016

» 14679
2,156
-B3100

+ 14079
1.535
B3t

14552
1,587
L83117

. 14453
1,934
.g3u0e

14682
1.502
.B3184

SATE3
1,496
-B3150

14753
1,401
630338

<1464+
2 162
-B3a51

rm/p

5.85
0584

o6
73786

5.11
« 569751
S T4R20

PET10/F

.?!”63
.77036

5 16
JT2004
STIRE

~PCH PNR2/FCR PERI/FCR PCL/?IHT PCR/PINF, PIWALL
PR2/F PR3/P

PYRL

PET11-F PETI2/P

o wsEc |#teSTANT DATA ACUULSITION:e:

2.769
74141
.B3391

2.786
.73807
.Ba29¢

2,745
,T4627
-85347

20 ﬁEC

TIE 8 MSEC
14578 95696 10712
2,195
Brzsl  .89204 * 80220,
TINE
Tl
.14p5n  .o7asz 13954
2,198
JBTEal .BOZTY .BO62Z
TINE 20 MSEC
gl
JeTas  oTesn 1397
Shipt .osom L1086
TINC 24 MSEC
E———
-oTe  Lome1 4201
Ziie  .oeset  owel
‘ TIML 28 HIEC
15053 .o08GS . 14230
2 1y
BraB2 09421 .D1692
TIME 25 ISEE,
D14045  .90264 . 14154
2 193
LBT465 80405 .DIGSY
.- TIMC 80 NSEC
15112 90264 . 14160
2 193
87363 .89287  .BIAT4
TI £0 MSEC
__
L14954 L0734 L 1403¢
2210
B7468 69481  .U97S5
TIMG 82 HEE
q
L14782 8109 L 14152
2 210
(BT465  .B94TR 80521
TIMS 85 MSEC
——
Li5066  .9BSTG L 14270
g ST o
87583 09472 | .B0638
TIME 196 MSEC
gz ovesr Lo
B7630  .BI5TZ 00103
‘i““ i, + 10078
234
_ETEkG  .ANAXT L BA4RI
TG 200 HeLC
15165 9955 14Bu
2.2
Brea. .BO6BS  .U60F

.07
70819
\T4987

5 o2
9985
.75409

5.01
-69085
-TH0A4

5.01

.69018
T6Eo61

504
LT8G
STIU4

5,07
TUNE
.75693

5.03
STHR6O
JSTSEOY

5.01
71020
761#8

5.01
LTI
. T5008

5. 04
=709
.74??3

XIS

5 06 2,731
V2171 L75962
\T9512 .85731

5,68 2" 741

71583 74827
\79612  B5T4B

.59 2 767
71702 L7476
L79696 . B5865

4 93 2,789
JTR2007 L TE426
79996  -.B6166

5.02  2.951
L72020 74376
¥9%A0  .Be092

5.02  2.7%7
22037 T4ITY
%979 L8575

5 06  2.774
JTIGEB 407
LT9411, .B54AE

5,02 2 775
78704 2488
70744 .B5129

5 6 2 779
L7222 74777
T84 .B84946

1.05 2,797
72003 W4310
WTTTT4 .B4143

§.01
1638
LIR143

2.96 5
BT TN 2z
LEBIE LB

END of DATR REDUCTION

2.230
.58%99

2 231
.5B398

2.245
JGBT3L

2.255%
. 59002

2.04%
59120

2,038
-5ouT2
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09556

«5952F

o 263
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[ Ras

2,253
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.58566

2.31%
RT3

G.041
00

PHR2
PET13/F
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14,749
78524
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80140
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.B0416
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. LO700
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o. T

2, 140
7626

2.7t
-TENT

2.123
THL94

a

174
THHIT

2105

2 T4 356

.

2, 125
-E3093

a

122
Y370

Figure 10b NOVA DATA PRINTOUT FORMAT - RUN DATA (EDITED)
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. DATE:

97 oex TINE: [9:351 &
.
PTAP16 PTAFI? PTAPIE  PTAP2S BTAP26  RTAP2? FTAPZS AP29
FTAP) PTAFZ  PTAF3 PP PTAPS PTaPs PIATY gﬁ?ﬂ ggég ng:
SE =1 -.11 =15 = ~10 14 ~41 -4
-3 ~19 Hd 1 -1 -3 ~74 -97 9 -&

MWWWM

Frarz:

FTAP22  ITAP23  PTAP24 PSWALL

PTAP1T  PTAPI2Z  PIAPIS  PTAPI4 PTAPIS
-1 -8 5188 =21 ~14
13 -24 ~23 -13 ~1l6

DATEt 8 drex TIME: 19:88:13
FTARI6 FTAPAZ PYAPIO PTAPSS  PTAP2S PTAPIT PTAP2S  PTAPZS  PEAPI9  PTATZO
FTAPL  PIAP2 PTAPZ  PTAP4  PTAPS  PTATG  PTAS?  PiAFG  DIADY  binieo

19-38- 12

14707 14678 14781
19021 10ee  1aeas b A
1.00014 100430 1.60020 1. Gnid BA44T  1.0060T 99992 .99098  1.00170
1.001Z9 1,00745  1.00361 1.00333 1 00149 1,00231 I 00204 1 00083 1.00073 0994

FTAP21  PTAP22 PIAP23  PTAP24 PSRALL
FTAP1l PTAFIZ PTAPI3  PTAPI4 PTAPIS
14664 14748 G194 14696 14708
14749 14659 14793 14648 14613

1. 80068

-00989 srxxITEE L. 02170 1 9020
1.80007 1.00422 1,00129 ] 06373 1 02105

MW—WW

DATE: 97 2k TIME: 15+38:17
SAES WERE DISARMED AT i
et I e S Y TEADTNGS
PT PISF PREF! PREF2 TT TINF MACH F¢ DYN. PRES RE/FT DERSITY SPEED SN‘D VELCCITY
(RS (PEF) {PSF) (FSF) {DEC T} (DEC F7 {PSF} {LB/FT3Y (FI/SECY  (FIYSEC)
858 528 420 627 579.961 2122.817 g1.218 —16 b4 1 958 ¥4 519 . 1B6458E @F G66197E-03 1631076  1087.091
PTAP'G PTAPIY TPTAPIS PTAP2S PTAP26 FTAP2Y PTAF28  PTAP29 PTAPIO PTAP2®  PTAPZ PTAP2S FTAP23 PTAPD4  F2ARALL
PTAPL PTAPD PTAPD PTAPS PTAPS FTAPS PTav? PTAPD PTAPD PTAPIO  PrAPIY PTATIZ FTAPI3 PriFi4  PTAPLS
N !FINAL PRESSURE ﬁ ADINES IR gmm[ﬁl
=347 0745 =3855 =11 = =244 1 ar -382«¢ =3793 -a3627 =12492 SIOF  —12471 =266
~3415 ~316 -3152 -4 =20BE —D>Dn14 I Sardi ~82%4 ~6501 -806T —u9?8 —a328 -3315  -G32 -3208
T SE ot L oy
2,149 2.891 2,001 9 =t l= . 0% 15 Q0o 2 117 2,138 2.210 2.243 14.740__ 2,126 2.776
2.317 2.426 2, 44T 1 864 2.487 2.616 2.643 2 481 2.278 2,346 2.597 1.733 o a%7 2 219 2 396
FINAL PRESSIME COEEFICIENTS
-, 36222 ~ 28211 -,38728 -lszl 3. 16081 -,37607 — 46306 —.3BE06 ~_ 02103 §.0S763 «.8TIwd — (DU4.
=.28J80 —. 04202 -.23399  -.aB306 = RWeHI —.[6I37 -.14973 -. 3384 -.39709 -,27709 -, 19536 -.53249 -.27BER - 33148 -, 23570
PEIL P plIZP PEDI/T PET®/P PETS P FETé/F PEIT-P PETGP PET? 7P PET10-P  PETIL-P PRINZ P PETL3-F PET1%/P PLTIS P
STTIE3  LELE3C 51823 62319 R3IITI -B87465 88360 -BOLDZ STOI3E TR0 .B4824 -3B633 J2BBOZ .THL16 89197
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