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PRESSURE AND HEAT-FLUX RESULTS FROM THE
SPACE SHUTTLE/EXTERNAL FUEL TANK INTERACTION

TEST AT MACH NUMBERS 16 AND 19 (FH10)

By
. B. Brewer, NASA/MSFC
D. R. Haberman, ARO, Inc.

ABSTRACT

Heat transfer rates and pressures were measured on a 0.0175-scale
model of the Space Shuttle Fxternal Tank (ET), model MCRO200. Tests
were conducted with the ET model sﬁparately and while mated with a
(0.0175-scale model of the orbiter, Imodel 21-0T (Grumman). The tests were
conducted in the AFDC-VKF Hypervelocity Wind Tunnel (F) at Mach numbers
16 and 19. The primary data consisted of the interaction heating rates
cxperiencgd by the ET while mated with the orbiter in the flight configu-
rétion. Data were taken for a range of Reynolds numbers from 0.05 x 106

o -1 5 =1 . . .
ft to 0.65 x 10 {t under laminar flow conditions.
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Symbol

Hy, HO

H,

' L, MODEL LENGTH
M-INF, M,
P, PRESSURE, p
P-INF, p_.
PO, Pg
POP, p,,
Q, q
Q-INF, q_

Q0, Q-0, 44, Q,

RHO-INF, o_
RE/FT, Re/ft

r

t, TIME

T-INF, T

NOMENCLATURE

Definition

Test gas stagnation enthalpy, Btu/lbm

Test gas enthalpy at model wall temperature (540°R),
Btu/1lbm

Length of external tank model, blunt-ogive-cylinder, in.
Free-stream Mach number

Measured pressure, psia

Free-stream pressure, psia

Measured arc chamber pressure, psia

Measured Pitot pressure, psia

Measured heat~transfer rate, Btu/ftz—sec

Free-stream dynamic pressure, psia

Stagnation heat-transfer rate to a 0.5-in.-radius
hemisphere, Btu/ftl-sec

Free-stream density, lbm/ft3
Free-stream unit Reynolds number, ft -
Model blunt nose radius, 0.288 in.

Surface distance along model from zero incidence
stagnation point, in.

Stanton number based on gq,, q,/p, U, (H, - Hy)

Test, section time, msec

Free-stream temperature, deg R or deg K

Stagnation temperature, deg R

Theoretical saturation temperature of nitrogen, deg K

Free-stream velocity, ft/sec

Longitudinal distance along model axis measured from
blunt nose stagnation point, in.



NOMENCLATURE (Conciuded)
Definition
Sector angle of attack, deg
Sector angle of roll, deg
Gage location around ET model, deg
Roll orientation of ET model relative to 'the orbiter

model, deg (¢' = 0 corresponds to the heat-transfer-
rate gages being directly beneath the orbiter.)



INTRODUCTION

The primary purpose of the test was to obtain interaction heating
rates experienced by the Space Shuttle External Tank (ET) while mated
with the Space Shuttle orbiter over a wide range of Reynolds numbers
under laminar flow conditions. Tests were conducted both with and with-
out the orbiter model mated in order to isolate the interaction heating
effects. Both gage data and themographic phosphor paint data were taken
to determine the location of the orbiter bow shock impingement on the ET.
A lesser amount of pressure data was taken under the same conditions

along with Schlieren coverage at both M, = 16 and M, = 19.
TEST FACILITY DESCRIPTION

The Hypervelocity Wind Tumnel (F) at the Arnold Engineering Develop-
ment Center, Fig. 1, is an arc-driven wind tunnel of the hotshot type
(Refs. 1 and 2) and capable of providing Mach numbers from about 7.5 to
20 over a Reynolds number (per foot) range from 0.05 x 106 to 70 x 106.
Test sectidns of 108 in., diameter (M, = 10 to 17}, Figs. 2 and 3, are
available using a 4~deg, half-angle conical nozzle. The range of Mach
numbers at a particular test station in the conical nozzle is obtained
by using various throat diameters. The M, = 8 contoufed nozzle has a
25-in. exit diameter which conmnects to the 54-in. diameter test station
and provides a free-jet exhaust, as illustrated in Figure 2. The

test gas can be either air or nitrogen. The test gas is confined in

either a 1.0-cu. ft, a 2.5-cu~ft or a 4.0-cu-ft arc chamber where it is



heated and compressed by an electric are discharge. The incréase in
pressure results iﬁ a diaphragm rupture with the subsequent flow ex-
pansion through the nozzle. Test times are typically from 50 to 200 msec.
Shadowgraph and Schlieren coﬁerage are ava&lable at both test sections.
This test was conductéd in the lOS-inédiameter test section of the
conical nozzle for M_ = 16 and 19. Nitrogén was the test gas. The
2.5-ft3 arc chamber was used, and useful test times up to approximately
40 and 60 msec were obtained for the M, = 16 and M_ = 19 conditions,
respectively. Because of the relatively short test times, the model wall
temperature remained essentially invariant from the initial value of

approximately 540°R. Figure 4 presents typical analog data traces and

the reduced digital data tunnel conditions for M_ = 16.
MODEL DESCRIPTION AND TUNNEL INSTALLATION

The model tested consisted of a 0.0175-scale stainless steel ET
ana an orbiter model made of material G, Fig. 5. Tﬁe orbiter model
tested was model 21-0T (Grumman Drawing S8-~H-00550) and was fabricated
by Grumman Corporation, Bethpage, N.Y. The ET model was built along
the lines of MCR0200 (MSFC Drawing 80M51329) and was fabricated by
MSFC, Huntsville, Alabama.

All of the heat-transfer-rate instrumentation was located on one
side of the ET model, while all of the pressure instrumentation was
located at ¢= 180 deg. on the opposite side. Due to the symnetry of the

ET model, it was possible to obtain both pressure and heat-transfer



data with the same ET model by rolling it 180 deg.with respect to the
orbiter. Using this procedure, either the pressure or the heat-flux
gages could be located adjacent to the orbiter to obtain the type of
interaction data desired. The tunnels (three scaled fuel lines) could
be positioned on either side of the ET.

The ET model was mounted on tunnel centerline with the nose of the
tank located at statiom 763, Fig. 3. To test the mated configuration,
the orbiter model was mounted above the ET model by means of a secondary
sting securéd to the main ET sting downstream from the teét section.
Photographs showing tunnel installation are shown in Figs., 9 and 10, A
scaled nose tie-down used to position and secure the orbiter nose to the
ET was used on all mated tests except one (run 4647). All model instru-
mentation was located on thé ET while the orbiter model served as a
shock generator. Besides the ET and the orbiter model, three scaled
fuel lines (tunnels) were located on the tank surface to closely simulat
the flight vehicle. These tunnels were removed on three runs to deter-
mine their effect on the heating rates.

After the first "tank only" run, run 4646, all runs except for the
last two were made with the models rolled.37.5 deg; This was necessary
to permit a good view of the area of interest during the phosphor paint
runs. Three cameras were used to take phosphor paint data. Two of thes
(an 80- and a 150-mm Hasselblad camera) were mounted in the center top
45-deg. port, Fig. 3, and one (a 150-mm Hasselblad camera) was mounted

on a tripod beside the tunmel to obtain a& side view through the



Schlieren window. Ultraviolet light sources were placed in the 45-deg,
top,front ,and aft ports. The phosphor paint data and procedure are
discussed in a later section. The last two runs (4655 and 4656) were
made with the model rolled back to 9y = 0 deg. to enable Schlieren

coverage (see figures 11 through 14).
DATA RETRIEVAL

The test section Pitot pressure, stagnation heat-transfer rate,
and arc chamber pressure were monitored to determine tunnel flow
conditions. The Pitot pressurés were measured with 15-psid strain-gage
pressure transducers calibrated at the specific pressure level occurring
during each test condition. The stagnation heat-transfer rates were
inferred from measurements made on the cylindrical section (shoulder) of
a l-in.-diameter hemisphere-cylinder probe. Two such heat-transfer-rate
probes were used for this purpose, each probe instrumented with two
shoulder gages located on opposite sides of the probe. Two types of
gages were used for these shoulder measurements, a l0-mil-resistance
thermometer slug calorimeter and a coaxial surface thermocouple. Two
separate arc chamber reservoir pressures were measured using strain-gage
transducers, each having a full-scale calibrated range of 30,000 psia.

Fifty-five separate heat-transfer-rate measurements and 20 pressure
measurements were made on the ET surface, as illustrated in Fig. 6. Of
the fifty-five heat-transfer-rate gage locations, fifty-one were instru-

mented with 10-mil-resistance thermometer slug calorimeters (RTG) while



the four forward locations (Ql, Q2, Q3, and Q5) were instrumented with
coaxial (co-ax) surface-thermocouple gages. The RTG is a calorimeter-
type device utilizing a platinum thin-film resistance thermometer as the
temperature sensor and thus is not a self-generating device. Therefore,
the transducer operates as the active leg in a Wheatstone bridge cilrcult.
Transducer calibrations performed in the laboratory are transferred to
test areas. The calibration procedures include the aﬁplication of a
known and constant heat flux to the sensing surface of the tramsducer
and determining its time resolved output. A precision shunt resistance
technique is employed to transfer RTG calibrations from the laboratory
to the test areas.

The higher heat~transfer rates near the nose of the model were
measured with the coaxial surface-thermocouple gage because of its
_higher measuring range, 3 to 300 Btu/ft%-sec. The co-ax gage is com-
prised of an electrically insulated chromel wire enclosed in a eylindri-
cal constantan jacket. A thin-film junction is made between the chromel
and constantan at the surface. In practical measurement applicatioms,
the co-ax gage behaves as a homogeneoﬁs, one-dimensional, semi-infinite
s0lid. The instrument measurement provides an electromotive force
(E.M.F.) directly proportional to surface temperature which may be
related‘by theory to incident heat flux.

Nineteen of the model surface pressure measurements (excluding P1)
were made using either a variable-reluctance pressure transducer with a

range of O to 0.1 psid or a strain-gage pressure transducer with a
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design range of 0.0l to 1 psid. For six of the eleven runs made, a
pressure transducer was mounted in the nose of the ET in place of the
stagnation heat transfer gage Ql. A strain-page pressure transducer
with a design range of 0.2 to 30 psid was used for Pl.

4 peneral description of Tunnel F instrumentation is giﬁen.in Refs.
3 and 4.

The thermogfaphic phosphor paint technique (Refs. 2 and 5)tworks on
the principle of phosphorescence;which is the emission of luminescent
light. The process is temperature-dependent. When the phosphor paint
is excited with long-wave ultraviolet light, it emits a yellow-green
light of a given brightpess level. As the paint temperature increases,
the brightness of the emitted light decreases. Therefore, by measuring
the paint brightness, it is possible to obtain thermal contour distri-
butions of a model to qpich the paint is applied.

Phosphor paint contour distributions are used in conjunction with
heat gages to obtain tﬁermal maps.

The paint data consist of a "tare" photograph taken prior to the
run at room temperature to record the initial paint brightness level.
Then at some desirable time in the run, another photograph is taken to
record the run brightness level. The photographs record paint brightness
in terms of film optical density; i.e., the brighter a region is on the
model, the denser, or darker, it will appear on the negative,

The phosphor paint data are reduced by reading the change in

optical density from tare to run, over the model surface, and converting

10



this into a color photograph contour map. The color contours were then
related to model heat flux through the gage measurements of the heat-
transfer rates. The Data Color System 703-37, manufactured by Spatial
Data Systems, Goleta, California, was used to reduce the photographic
data. Basically, the Data Color System is z closed-circuit television
network consisting of a camera and a color monitor console. The camera
reads the film optical density (i.e., paint brightness). The continuous
camera signal is then broken into a preselected number of color steps
(32 maximum) and the results are displayed on the monitor. The monitor
is then photographed to record the color contour mapping of the model
héating-distribution.

For this test, 8 color steps were used to depict the heating
distributién recorded by the 150-tm camera.

To establish the validity of the phosphor paint data to be taken,
plctures were taken on runs 4650 and 4651 with a‘high—temperature paint
(No. 3003). From these pictures it was determined that shock glow
would prevent getting any useful data at M_= 19, but useful data could
be obtained at the M, = 16 condition. Of the two M_ = 16 runs which
followed (runs 4652 and 4653), paint (No. 1807) data were obtained on
the high Reynolds number run (4452). Figure 15 shows the paint test
results. The heating rates at the low Reynolds.number condition were
too low for the sensitivity of the paint (No. 1807).

Since phospher paint data were a secondary effort, the time in-

volved in preparing a model with paint prevented the acquisition of

paint data on more than one run.
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DATA ACCURACY

The determination of the free-stream and reservoir conditions is
based on the measﬁred monitor wvalues pé, Pyo and Qo, according to the
method of Ref. 6. The uncertainties of pé (average of two values),

p, (average of two values), and éo (average of four values) are + 4, + 5,
and + 5 percent, respectively. These uncertainties are based primarily
on calibration linearity and accuracy, system acquisition accuracy, and
uncertainties associated with testing under dynamic conditions and are
defined using the Taylor series method of error analysis. These un-—

certainties are then propagated through the appropriate equations by the
Taylor series method of error propagation to yield the following un-

certainties in tunnel conditions:

Parameter Percent Uncertainty
Moo + 1.5
Re/ft + 10.0
T, + 6.0
p_ + 6.0
T, + IA.O
Hy + 5.0
q,, + 4.0

The uncertainties in the absolute values of model pressures and
heat-transfer ractes are + 5 and + 9 percent, respectively, for normal
opeération within the gages optimum range. A tabulation of the model

data uncertainties follows:

12



Parameter. Percent Uncertainty

P + 5
q + 9
p/P, + 06
4/4, + 10

The data uncertainty in the color mappings from the thermeographic
mapping technique is estimated as + 0.010 in §/g, based on the &/&D
versus color plots. The uncertainty is undefined for &/do values quoted
above 0.10 because of the extrapolation outside the calibrated range of

the colors.
RESULTS

Tabulated data for each run are listed in the Appendix. Each run
includes the model data taken on that run in two different forms; i.e.,
P, p/p4ys 4, and &/d;. Several different time.points are listed fér each
Tun to give the widest Reynolds number range possible for that run.

Flow conditions at the test sectipn are listed for each time point. On
any one run the maximum number of model gages that could be recorded was
sixty. Since the total model pressure and heat-transfer instrumentation
exceeded this number, only sixty or fewer of the total moéel instrumen—~
tation locations are included for any run. The orientation of the
pressure gages during any of the first nine runé should be noted. During
these runs, the pressure gages were located on the bottom of the tank

away from the orbiter and do not reflect the shock interaction effects.
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This also holds true for the heat-transfer data taken on the last two
runs when the heat-transfer gages were rolled to the bottom of the tank
with respect to the orbiter.

Due to the fact that the primary purpose of the test was to obtain
interaction heat-transfer data while the ET was mated with the orbiter,
Schlieren coverage was sacrificed.on the first 9 runs (4646-4654) to
obtain an additional view through the side Schlieren window to obtain
thermographic phosphor paint data.

Schlieren stills for runs 4655 and 4656 are shown in figures 11

through 14. Thermographic phosphor paint data results are shown in

figure 15.

Figures 7 and 8 include X/L plots of the top row of gages for each
of the eleven rums. The first nine runs (4646 through 4654) were pri-
marily heat-transfer runs and are represented by d/&o vs. X/L plets in
Fig. 7. The last two runs (4655 and 4656) were pressure runs and are

represented by p/p] vs. X/L plots in Fig. 8.
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FIGURE 9.

ORBITER AND EXTERNAL TANK MATED - SIDE VIEW OF TUNNEL INSTALLATION
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FIGURE 10.

ORBITER AND EXTERNAL TANK MATED - 3/4 VIEW OF TUNNEL INSTALLATION
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RUN 4655 (TARE)
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FIGURE

12.

RUN 4655 Schlieren at M, = 19, 0.070

X 106

< Re/ft < 0.079 x 10°
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RUN 4656

(TARE)
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FIGURE 14.

RUN 4656 at M. = 16, 0.226 x 10% < Re/ft

< 0.282 x 10°




AFT CIRCUMFERENTIAL
GAGE ROW

Q/QO < 0.007

RUN 4652
t = 80 msec
Re/ft = 0.455 x 10°

= 15.76

FIGURE 15. ENLARGED VIEW OF INTERACTION REGION ON EXTERNAL TANK
USING THERMOGRAPHIC PHOSPHOR PAINT




QHWTIE ION JINVIg EIVd DNIQEOTHg

1y

Run Model
Ko, Configuration
4646 ET only
No tunnels
4b47 Mated
No tunnels
No tie down
4648 ET only
No tunnels
4649  ET only
With tunnels
4650 Mated
With tunnels
With tie dowm
4651
4652
4653
4654
4655
4656 Y

M

s )

19

i9

16

19

16

19

16

16

19

19

16

TABLE I.

«Re/ft x 107°

0.1

0.1

0.3

0.1

0.3

0.1
0.6
0.3
0.25
0.1

0.3

obtaining paint data at these run conditions,

Run 4647 was the only mated run on which the tie down was not used.

TEST CONDITIONS

Optical
Data

None

None

None

Nomne

Paint Tare¥®

Paint Tare*

Paint Data

None

None

Sehlieren Stills

Schlieren Stills

a, deg

0

0

¢S 1 deg

0.0

37.5

37.5

37.5

37.5

37.5
37.5
37.5
37.5
0.0

6.0

0

180

180

*A thermographic phosphor paint tare photograph was taken on these runs to determine the possibility of



TABLE 1I. GAGE LOCATION

88
+
-%° +%0*
547 |

i
e

8+
N~ pRessRE GAGES
Rear View

L= 32438
Lerr Swe Yew

NOTE: ALL DIMENSIONS IN INCHES AND DEGREES

GAGE
Heat Pressure X (in.) X/L s(in.) s/rp ¢* (deg)
Q1 P1 0 0 0 0 0
Q2 1.0 0.0306  ~1.3968  4.85 0
Q3 2.0 0.0613 2.551 8.86
P4 3.0 0.0919 3.687 12.80
Q5 4.0 0.1226 4.750 16.49
P6 5.0 0.1532 5.850 20.31
Q7 6.0 0.1838 6.821 23.68
Q8 P8 8.02 0.2456 8.887 30.86
Q9 9.02 0.2763 9.887 34.33
QL0 P10 10.02 0.3069 10.887 37.80
Q11 11.02 0.3375 11.887 41.27
Ql2 P12 11.36 0.3481 12.227 42.45
Q13 P13 11.70 0.3586 12.567 43.64
QL4 P14 12.05 0.3691 12.917 44.85
Q15 P15 12.39 0.3797 13.257 46.03
Q16 P16 12.74 0.3902 13.607 47.25
Q17 . P17 13.08 0.4007 13.947 48,43
Q18 P18 14.08 0.4314 14.947 51.90
Q19 P19 15.08 0.4620 15.947 55.37
Q20 P20 16.08 0.4926 16.947 58. 84
Q21 P21 18.08 0.5539 18.947 65.79
Q22 P22 20.08 0.615 20.947 72.73
Q23 22.08 0.677 22.947 79.68
Q24 24.08 0.738 24,947 86.62
Q25 26.08 0.799 26.947 93.57 |
Q26 P26 28.08 0.860 28.947 100,51 0
Q28 11.19 0.343 12.057 41,86 7
Q29 11.53 0.353 12.697 43.05 7

42



TABLE IT. GAGE LOCATION (Continued)

GAGL
Heat Pressure X (in.) X/L s (in.) s/rD ¢* (deg)
Q30 11.88 0. 364 12.747 44.26 7
Q31 12.22 0.374 13.087 45,44 7
Q32 12.56 0.385 13.427 46.62 7
Q33 12.91 0.395 13.777 47, 84 7
Q34 10.33 0.317 11.197 38.88 ~43
Q35 10.67 0.327 11.537 40.06 -43
Q36 11.02 0.338 11.887 41.27 -43
Q37 11.36 0.348 12.227 42,45 -36
Q38 11.36 0.348 12.227 42,45 -26
Q39 13.25 0.406 14.117 49.02 -36
Q40 -26
Q41 10
Q42 20
Q43 30
Qb 40
Q45 50
Q46 i ¥ i \ 60
Q47 20.08 0.615 20,947 72.73 -36
Q48 [ -26
049 -10
Q50 10
Q51 30
Q52 _ 40
Q53 50
Q54 60
Q55 70
Q56 80
Q57 90
Q38 1 i U 1 100

P15A 12.56 0.3848 13.427 46.62 0
P16A 12.91 0.3956 13.777 47.84 0
P17A 13.25 0. 406 14,117 49.02 0

*Pressure gages were located on the opposite side of the tank from the
heat-transfer-rate gages. On the pressure runs (Runs 4655 and 4656) the
tank was rolled 180 deg. putting the ET at ¢ = 180 deg. On the heat-
transfer-rate runs (Runs 4646-4654) the ET model was located at ¢ = 0 deg.
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s dT2 Bl 532R L6152, L ..6298 | L6284 . L3279 . L4144 . L3bgT .. ,337p .. LhEBE 25464 . 5350 - gdTIO el :
12z +8367 «3003 LLLE] «SRET $5R35 J30Rp L3927 L3395 +3338 24335 J50ET . L4733 6433
Cel1300 L3762 J4ste «4HET <5387, 0 ,5191 . .2R40 C$35T4 L2973 . L2821 L3782 o HS14 dhB00 0TI el :
TivE Cas L . I T 050 ____ BS)L __ . BDS2 _ WS} __ G55 ___ . QS&____ Q57
10 8043 +4258 15726 2199 2020 «2R37 3101 0 J4a) 3407 +3267 +3382 .3508 .
L «4973 4430 . 1915 «7563 2630 ... .3165 . 41562 <3987 .. <3873 .. L3850 .. ,.3425 L
94 2 50u% +5136 947 »2120 « 2654 + 3595 23712 YL »3922 + 3029 +3782 24080
JYo2 w5192 0 W5123. . «2008 *2221 . #2823 43693 L3694 04014 «39186 #3871 #3621 w098 i
112 «48]3 5750 1942 2111 2702 +3462 «3378 3714 3673 3673 3483 +3A84

130 24364 2438 #1R4%3 1949 p2582 __ »309%.. .. #3066 3458 .. #3348, .. 53610 . - -3k} . _+3536

11 .

Fn

UM 4649



AEDC CARCs INC.) AHNCLE AF 5+ TENN, 37309
- YUN KoHBAN GAS CYAAMICS FACILITY . C e oo . —
HYPERVELOCTTY wThD TUNWKEL F

''''' NASE TRYITER/TANK HEATING TEST ~ VAZF1=21Fa JANUARY 1974 PRUJECT ENGINEER D.R. HaBERMAN

RUN 4449

HEAT=THARSFER DATA . Ch e eameeas

FEAT TRANSFER LaTa (aQ / GO}

FIve B WA ng Bl __ w12 _ 813 __ _.ols ____ a1s
T EST L0120 LB09n +DEYY 0090 L0079 L0087
L . CeB316F L0136 LaL0D LUj04 LA092 L0084 f0095 ... ... ;
L D178 £ 0151 L0115 $0117 « 0098 ‘ L0093 L0109
o ez B «0182 . L0153 D116 0121 «0300 +0056 L0100
e G184 «0159 L0121 U121 «0103 «0037 «0111
130_ . oMb L0162 <16 D116 w0lQ2__ . .0096 ___a0ll2
TIvE o7 are @9 o820 R2) 0832 Wzl - B2s uze ‘ . e 93¢ Q3. e
70 0087 «00R2 20473 +DNER 0065 20163 «0061 005 - 0055 0116 « 0088 0j04
______ B4 «Godd $0686 «Q0R0 | onQT6 L0070 . .0NAAH D066 0061 . £0054 . . «0118*  .G093 $0103 o
G4 e 0056 NLEL °0PED 077 0074 L0072 0066 LK 0126 010k V0117
102 .0%100. 0558 eDROCG_ _ «00P& _ o008L_ __ eD7T.__ . 40072 ___ 400BB . eudb2 _ e 0129 w0101 -—as0l22
112 DUIO‘ -0096 -OQQJ .nﬂE.f uODSI eUﬂ?? 10014 .006¢ -0062 00132 -0!02 -DIZE
L3300 L0100 -0054 | 40992 L0087 | .00TAB _..0N74 . L0070 » 0069 y00601 C.eB134% . W0lOn._ ... w0120 o
Tivg a3z Q33 l:JTM 035 G336 Q37 138 Q3o 'L} sl Qa2 @43 o Qes_ .
7o .0n72 cB1e1 «0105 nil7 nk24 »0NS5 L0072 00h6 +0056 +0088 «0105 +B146 .0102
N - 202490 .+ 0105 20125 w0122 .pl28._ L0164 ..__.0DH] 0072 £0068 a0091 ., 0114_ . .0111 0102
94 . UnGe 0115 L0177 0128 «N139 «0N69 0089 0079 0073 «NAYT 123 L011S 20103
102 L0101 L0117 s0135 . .n137 0138 . .0072 .0091 0079 0074 0102 ... L0120 OLLT L WO

t1e L0103 L0119 +01175 an129 .6138 .0173 £0093 L00RD L0079 .0103 .0120 L0112 #0105
C120 L6103 L01E0.___ «012% . L0143 L0138 . L0976 .0095 20079 «DOTS .. 40100 .. L0120 SHL2B . G108 '

TIvE Q45 Q4e uay Q48 G4 Qsn @51 Gsg us3 _6s5 ["11- S 17
10 0095 0100 +0036 +0051 +0067 0nhE «0072 +00R0 0089 -¢o?6 0079 <0082
8BS L0104 Q106 eposl . <0054 8055 0076 0074 «0DA3 » 0081 +0n0H1 «0080 0084 B T
G4 A Q109 20130 0062 <0858 0061 0n77 « 0080 «00AT 004 082 <0081 <0087

Clo2 0 s011% #0113 0 0044 +0045 . #0062 .. +01A] ~0081 . «00BA . +00H6 . . +008S <3024 LY S
112 «0}16 £0113 0046 «0050 0064 «00R2 «0080 «00RA + 0087 «008T  .00Ff3 «00%2
130 «G) 1% 0118 0049 20052 __ «006%. A00E2 __ 0081, . #0092 _ s0089 0093 _+0084 . _ 2004

e ke e = - . - - . . i

12 AUN 4649 .



' TUNESATNABITER/Takk mEATihe TEST VAZ91-2[Fa JANUARY 1974 PHOJECT ENGINEER L(.R, HABERMAN
RUN 4f£B0
. T R TEST CONTITIONS © T
... L ALPHS = g W=0y ST=d BASED OGN +SnC INCH RAOIUS
PRI =237450 MODEL LENGTH = 132,6£3A
TIWE  P=IiF ~° QuO=]NF [={NF U~INF M=INF  Qe=[NF  REJFT PO o HU 0= RYU/ S1=0 PP
MSEC  pSyA  LumgFTI _ WFg R FissEC PSIA_. _X10-5 _PSla . DEs R_. ETU/LBM __Fla=sEC____ . ___ ._P3[4
18 JQ02P4S Yel2E-re AR b443 15.86 o802 424 3096 3095 Be4BeE 02 JueS0 Q575 929 o
B4 LON2STH 9.23E=-r5 71,0 6754 15.96 054 «333 2925 3371 $.290E 02 37.61 0759 842
SO0 WN0Z4agl  B.953E=+5 _ Ta.2 HAt4 1547 . o827 #3085 . 2792 JéPh  9,453E 02 .. . 3T.31 079} P L 3
56 L0n2277 Te6uE=rs 8147 FELE 15.12 bl] #2577 266% 3476 1.022E 03 “0.7% 20852 2762
402 .002164 _ 6.B3E=aS__ Aze8_  T158_ 1918 __ 37T #2310 2529 .. 3768 . 1eDa4E D3 __40.0% 0930 --- 700
114 .002062 6.12E=15 B7.9 700 15.62 352 15R 2296 3887 1.086E 03 40.58 «1953 653
I, . .. .. . .PRESSURE DATA : e
PRESSURE Dala (PSTA) ) e .
LR L L PE ] P14 P2 B .
78 W1lz2 0369 0126 «y105 N ETS
. Bé& 1046 L0337 L0120 099 JO0R] B _ N s
S0 L0977 0326 +G1le «0097 0079
56 <0983 L0319 .Q114_ . _eu09% _ L0077 — i -
102 .pfR2 0304 <0105 sufB7? L0070
lia o L0R23 0 L0283 L0100 ... egDB2 L0065 e e
 PRESSURE CaTa {PPESSURE / +DP) i} . -
TivE Pa P& PA_ Pla___P2n _ e e
18 «1207 #0397 «0136 «u113 Dau2
L RA G243 L0400 L0142  WQLIB L0096 . . .o .
90 1235 w0812 0147 0122 «0599
.86 L1240 L081B ___.015¢ .0l25 20101 L L . -
102 21260 « 0235 20150 0124 +01D00
116 L3260 L0433 L0153 e0lRS _ L0099
13 AUN 4850
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UNNEL F
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AEDC (ARGs INCed BHACLI AFSs TFAN, 37389
. VUN Ka&MHan GAD CrnAMICS FACILITY.. S e e s
HYBERYELNCTIIY winD FUNKEL F

‘NASE TREITER/Tanr HEAT[+h 1057 VaZOl=21Fa JENUARY 1974 PRUJECT ENGINEER U.R, FEZERMAN

RUh 4£50

.HEAT=-TRANSFER JATA

FEAT=TRANSFER FATE {2TU/FT2=550)

__MIME Al e er s , SooPR 08y W10 L ull g2 @13 __ qls. Qls. _
78 R,2432  J0.6386 T,9928  3.ap%)p EEL! o313 WIBTE #1353 L1326 +1529 .20%9 NI
B8 aD,0FDe 16,1536 d,4723 341025 . 44109 L3973 1764 lb¥2 f]4u8 . 1823 CPIES . L2e82 . .. ..
30 39,%45] 9.6657 B, 3967 3. 019E3 LHAGS »369p L1761 «1791 «]4B62 «leld «2071 .23488 .
55 43,1625 15,1054 9,44A7 _3.30E] . - #5100 .4132 .194R .2133 1622 .. L1428 2241 P11
102 42,5487  9,91739  §,4R03 3.3244 +5n1A 4005 1923 2219 1658 S 1282 2100 2591
118 44,0233 19,0154 9,9RA2  3.67E9_ — #8073 L8058 L L1977 __ 42529 . L1644. _ 0965 _1EST.__ soase__
TIrE e gir. o ows e w21 upp c23 G2e | uPe U -1 R X N . § S
13 +4232 fB9Z7 241371 1+21037 1.1333° 1.0n68 AR L5604 6342 . 2208 $2455 sz2h48
Fa *4225% 7270 2et136 13589 144143 . 1.1976 <9706 «T284 .. W4553 . 2068 L T ¥ Y
9% w4328 . T3ER 2+0115 14753 145238 12470 963 T12A «ubbH «1949¢ 2441 «298%
— BB #POY _ LBITe | 249338 _ 1eTHT3 ___1.7171.._ 1.3826 _ 1.0498 . _.786R . ——a4BRE — w2119 P37 L3323
152 4ERE AT 245775 1.753) 1.7023 le 15§ LEX WTRY? 4560 +2123 .2058 +3204
118 - w8330 LH2E0 | 249931 | 1e%2é3 1e7765 1.2945 » G659 ZTIO0P - s4363 . -2 B 1 S & § - SRR VP S O
TIvE g1z 433 w3 RI% . 93s 07 G338 Q3g uwan 041 . W42 . N&3 . Qad el .
79 w4711 ,5E3g 2085 WPEa7 2008 JN324 21393 L0970 3684 9240 w3447 22765 «2919 '
Fé 2590 WBRYE L 3783 «3D46 L2670 __ L0921 . .154& _ 0944 . .3722% fIAS0. L GHET0 - uPEE3 . m g 304)
S0 24352 0674 «3370 + 3208 . 2869 #1019 L1533 +ORAR «2574 L5599 L3418 2126 L2817
86 GeE25 0 (7098 #3708 L3647 3201 ... L1756 . (599 L0978 .. ,22d2 «9902 +«JES4 2936 . P95 L Ll
1¢2 L4196 K «3725 1645 «3204 + 1751 sl 744 . 0947 +2023 L 460 + 3746 1.1 L2Bb4 .
..... F1% L3R5 L6735 L3795 . . LaATTe . L3409 .. L1299 L1757 .099n 1867 LHATES L 3929 . 2914 $2658 .
TIVE a5 Qe wet_ PP 49 ___ Bsa  __ GS) __ . 0sp WS3 . QS4 ._._. GS5 _ GS§ _ os?__
18 2072 1423 3.3191 «h453 « 7093 B55E L7902 143597 J«4580 . 7438 179 2122 +5070
,,,,, B4 #1880 L1569  3.3093 +4363 T34 8O0 . L8689 J.488% 1en4b0q <ANLl - 4176 2548 . eSIFhe e e e .
S0 1685 «1623  3.p5%2 » 5025 6976 8794 HT32 1.4885 1.5p35 “R021 5084 + 2761 «5067 )

86 L1T1L 1807 3415719 +6253 +T416 . . 49413 9587 1.6297. . Jeb34p JeB6B6 .. W5534 . ,31Td ..o SIS oo e
102 15622 #1963 Zaw239 6144 7210 +9413 «9413  1.5067 1.9386 Y8393 «5426 *+3143 4886 .
114 p1657 w100 2eT616 __#£0RS ... 7933 L9749  _ .98SB _ 145013 .. 15050 . “RI20-— <5438 - 3166 ontdl

14



AEDC ARG, INC.:'aRnch AFS, TEWM, 17389

N&Ss NAZITER/TsAK HEATERR TEST

TivE 8 L A N -
' T8 1,095 .30e8 27R7 «nag7
. BA 1,053 L2700 <2751 LORZ5
%0 1.0¢0¢ #2630 2240 LAR3N
86 1LCRBGC . W28E0 42220 «n"30
102 1,0623 L2673 2219 kT
_bie 1,0BS5Q  L2¢€8  .2R39  Wnd4g
TIvE S@e W7 owls A
B T: B L -3 0150 up12 0347
. Bs L0115 L01ER L1 «1312
' 59 U118 «016R g «0397
% = 86 W0W1w__ .0P01 ___ _a07320 o ed4le
st Ea ' 112 0117 07072 0610 s0a3R
o) = 116 eD11S | .028h «QH&D -natp
E 8 TINvE - a3z y3s 115
g: = ¥8 L0121 L0167 L0082  .0076
) B4 G N1R2,__ _LOYRZ_ .Q0P6 ___w00R)
] Es 90 L0117 D179 LQnag LTS
e T L. I SO 1% L0174 w0091 «0pRG
o= ’ 162 L0108 0172 LG092 «0051
= :g U § L L0030 L0184 L0044 40053
7 TIME Qa5 G4 ue7__ 0uE
= 78 »UQS9 «0241 + 951 0185
s L wO0RS0 . 40942 L0820 _ 0170 ...
Eg 3 LT ML (044 «JB820 0161
‘ 96 e0D42 0047 .75 1S3
= o 192 $ 0040 «00AT «¢T30 «0153
= 114 LY «QpE2 «DERD « 0148

___VON _rKadMas GAS CYNA“ICS FACILITY o

HYPERVELOCITY win{ TunnEL F

vAZ291-21Fa

—————

e e o o et ot

JANUARY 19T4

RUN &S0

HEAT=TRAASFEA OATA

ne
«01l0
0117
0123
0129
L0129
—+0125 _ _
w21 022
«0325 0288
C«0376 eN31G
«04nB « N334
$0421 ___ L0334
<0425 +037R
0438 «0319
Glse 037
0087 0020
LOOTL. __o00Z24
0077 «0n27
«0079 . w0831
+00R0 « 1031
. #0094 «0n32
Q49 QS0
.02n3 0191
#0194 . «0213
-0137 UU?ES
«01AR2 «0231
«0lRo0 «0235
«0183 20240

15

PADJECT ENGINEER 0.R. RAGEAMAN

G Qlo 91t _ @12 __ G13___ ni4 uls
«OCHD Y ) «0039 «n{38 L0084 +0059 L0069
JAH09S L L 0DeT L0045 L0038 064} .00S5 0066
«GO0P9 L0047 20058 «0039 20038 L0085 0065
0101 L0068, . L0092 JOba0 0035 L0055, ...0063
L01an .004A +0055 +00%R1 +0032 1082 . 0067
L0100 . L0049 0062 ___ap0%l L0074 .- 40046 snoe

523 azs uze 2% 030 @3l
£ 0255 .01RY 20124% 0063 ' <0070 «00T6
«0238 <0194 0122 - 00ES 20071 « 008l
.025% 019 00122 0052 «p0ES «0080
«0258 ___ L0193 __ « 118 ---»D0%2 —__.D0SH R
02al Lot9p «0114 L0653 »N0S1 » 0080
0238 0175 . «O1U7 «0p52 «0046 4% sDuvd

Q38 039 . w4l Qsl G42 L Qhs |
0040 L0028 WO106 « 0265 «0099 +0079 «00B4

CL0D0%) . . L0828 w0086 20263 . 0096, L0017 0082
L0041 00624 «0g6% +07257 0092 L0073 0076
L0682 . L0024 0056 «NZ243 . 0095 ~0072. - -.0073

L0044 0023 20050 02386 L0094 L0072 L0072
+0043 L0248 0046 0215 20097 .. W0072 -..-.0065

Gs1 @52 __ 053 G%e ____GS&____ G6S& __ _0S7
0226 + 0399 w0418 02113 0120 Q061 T
0230 20395 w0411 «0213 .e0127 «0048 .- 2gln2
0238 «0399 403 0215 0138 0074 «0136
+0235 0400 «0401 «0213 .+0136 «007B . ...apl21 .
«0235 «0376H «(3d4 «0210 «0135 «0N07H +0122
w0243 . . 0370371 0205 —__o0134 .. . L0018 ——<3liM

RUN 4650



AEDC (490 INC.) AWKCLN AFSs IFNb, 37389
YUN KAHMAN GaS CYRAMICS FACILITY

HYPERVELOCTEY WIND TUNNEL F

NASA ORBITER/TaANY HEATINAE TZSY vag9l-2ifFa JANUARY 1974 PAOJECT ENGINEER 0.A, HEHERMAN

Run 4¢5]

TR ¢

Tt o, T T TmmT T o e TUTIEST CONGIFIONS T T T T T T T
ALoha = ¢ . L+0y S[=0 BASED ON 500 IRk RADIUS .
Prlg=37459 MODEL LENGTH = 32.638

TUUTIMES PelNFT RO=INF T=INF U=ENF MeINF O-INF T REFT O PO 1O MU B0e BT/ 5T-0 PP
___WSEC  pS[s__ (AMsFTI__ VEg R_ Fl/sEC __PSIA_ _XlG-& . . PSIA __DEG B_. Blu/LeM _FI2-SEC __ .. e PSIA

&b J0BIRIE  2.37E-0S 919 6947 18473 200 2GBA 3837 5504 1s621E 03 __ 50.73 .. =164 «373
T8 L000F28  2427E=05 SheB  H17E 1R.72 .23 +083 399 5AAS leT0BE D3 54,39 .1686 «378
.. .80 «0n0717  1«B2E=n5  IN2.T . 9560  1B.92 .18 . «0€s 3935 4326 1850 03 Sh.45 -1887 €335 i

100 000597 1.48E-45  10S.2 9790  15.15  #153 +0SY 3699 6615 1-%40E 03 55,17 «2105 «286

140 000548 1.39E-nS__ 1027 _ 95TQ__1Be9& 137 _ e0S3 _ _3070...._6349 _1.B54E D3I | 495} ___ .Z2]6p-.. 255

16

TUTUPRESSURE DATA .
. PRESSUGBE DATA WPSIAY - oot Tt ST rmmTToee o T - - TeTTioTTETH smremmesmsomnoos
TTTIGET - TTURPE TR T P20 T
&6 0076 0055 L0040 . ___...... e maman mdr o amamn - a—en S e tmem———————
70 0077 + 0056 L0041
50 0078 L0051 L0037 e eian - .. . .
1o <0062 0048 20032
120 - _ #0051 _ <0037 __ _.0427
FRESSURE Data (PRESSURE / po®d } N A i
__FI*E A P8 P& P20 i . ) e,
&6 0202 suliB 0108 |
10_ - L e020% __.yle8 . .0la0 — —_— SR S — -
90 02048 «3152 011D
Sl #021d . «u}53 | L0111, e e .- e e e e ea e caoae s
140 «0201 «(14é «0105 i

CRUN 45651



AEDC (ARQ, INCa) aWHNLLE aFS, TEwN, 37389
__WUN mARMAN GAS CysaM]CS FACILITY . e e e e .
HYPERVELOSTIY WwIND TUNNEL §

--------- NASA CREITER/TENK HEaTIng TeST vaz9l-21Fa JANUARY 1974 PHOJECT ENGINEER DoR. HABERMAN

HUN £S5 1

FEAT~TRANSFER RATE (BTU/FTZ2-56C) )

REAT~TRANSFER DATA . e :

TIvE : . o B w9916 &1l _ _ 0l2 ___ G813 ___ nols. als
' €5 . 1652 5493 5761 «4819 a718 L6397 «3398 .3592
70 . . oR4d? . ,hT799 L5711 . L5112 «52T5 L4952 #3936 . L3765 . ... e
AT 3417 L7554 SH2HE 25979 h154 . 5835 L4629 YYs
(too . «9263 TH1G L (6234 . WB2T6 . | LB6lb& . .. L0184 . L4B00. . LABEToo... . ..
140 ' 8545 TS .603% +5693 LYY 5089 .5257 »5099
TUTIVE TR T A1 Qie T e T ez T e T ez T 023 T wze 076 229 a3
L D +SR18 | 1.3314 1340295 3e1670 . 244875 1.5617 .. 1a1464 . JB1BD .. . «9602 . . 284] . L eSEY0 o e dBTE
70 #6201 1.4503 1343832 Jea(4%  2.6470 1.6A4] 1:1R%0 « 8456 -597¢ .P882 +61E4 5502
S50 «Trd6 1.56421  11.9119%  F.4837  2.5574  1.S3I] 1.0726 =Toon 624 237 L7720 6210 ...... .
HE L) -r-kF 145415 ]peaRcg 3.29232 243909 ledts? 3126 B130 LY T3 « 2097 5785 6207
140 fI0l% _ }.4%13 Podes  2e7906...148516_ __1.083T. . a737)_ . 4555 . +3095..__.1238.__ : -~ 68530 _ 5842
TIvE a3y G2z W33 nih #3%  Gas a3t 3R U39 LT G4l 42 LoAs3
B T 2 TT- F R L3927 $THAD $BA4T L56R3 W61R9 . 3359 LJBA2 .2599 03500 j.e4E2 JTeza2 4362
,,,,, O WN13S L4218 LHPRT | GkDTT h249 ___LASTH . L3534 4133 . <2898 | 3709 ... 1.5806 . JH26T. . b6V e
S0 3024 STTR 9239 hTT5 YL 1524 4262 4516 +3105 4178 1.Tgeo -9033 »5130 -
100 5P ATTA LuM0T _ L66B1_ L6621 __ 709 . _.4093_ _ . .457q . a3200 . .4035 _ . 1.6077._ .A&1% L5124
1al «SE44 5258 e¥1pY A3 +6436 «TRas 4027 HAE04 <3368 4248 1.5991 .RE8B +51e9
CTTTTIVETTTTT Gas T U T0WE T T wak 47 Rsd T Qa9 Q59 a5y us2 a53 Qsa ass 056
...... €6 L3196 23615 | a4#95. . 145194 . L8253 ... oTTI0 . L9435 143290 . jeb243 La4000 . ..9884 . . oT203 - - o920 coooom i
70 $ 3526 +4025 e 781 1:44175 +B9h4 «8103 9875 1.3923 17153 1.4830 1.0605 « 7629 +5214
g 4065 +AT83 | o5726 16904 oF4BA__ aTTOX . L9727 1.3348 17218 . . ledlideo§e0535 .- oT7396— L5041

100 4193 «4A00 «5628 1-3462 <9324 +7073 <8419 1.2766 1+0136 1+3517 9912 « 7352 «4934

ceee BAO _o%AST 0 S4951 0 #5594, 1e0840 . .8134. . ___. aBT92. ... oT232. 140061 ... 1+3063 .. ]Je1634... ..8%3] bPhd . L AIES e
TIvE uey i B i o
Y-S LT
70 +423] — - e
S0 4178
X L TS £ - U e e . N . S N

140 3783

e T I T . - B . ) 17



AEDC (ArDy lHCL) aHRCIT AFS. TFLN, 37389
e e e e ¥YON RAR™AN GAD CYNARILS FACLLITY o o o L -
HYPERYELNCITY wIND TUNNFL F

U NaSA ARGITER/TANK WEATING TEST ' Va2gi=21Fa JAKULRY 1974 PHOJECT ENGINEER D4R, hagERmMaN

RUN akS1

hEAT T“"‘;FE,G, Cata {0 / QO)

__TI¥E _ L BR Q% QL0 __ Wil . elR .. 13 ___ 9l& ___ 315 _
eb £ 0151 L0128 L0104 <0095 NLEE 0087 NOET 0071
.10 . L0155 . .012% . .0las . 0074 W 0297 «0051 5072 L0069
S0 +01&T L0134 L0111 106 L0109 0103 L0082 0079
1n0 . L0168 . L0138 .. .0113 . 9150 0112 .. L0112 -0 L0087 .. L0087 oo i
140 «0173 L0155 20123 0§15 +O1l1% «0123 .0107 0103
TTIME I L) CyYTTTT W AT s T TozeT Gzl T T 0z T T T e23 T e2s T T Tare T T w2 w30
...... 56 #0118 . L0282 .. «25A9 . onkZ4& .. 40490 .__. »0308. L0226 ... J0161.... «0llD  .00%56 VWAl w0098 o .
70 0123 0267 I NE26 «neR? »07310 20219 0156 - sullo « 1053 «0113 <0101
50 .02 $ 0373 «2110 . DRl 1453 . .027] <0190 20124 .. Q089 «0082 120 @011 Q cmemmemee e e
100 0124 0279 . 1937 «NGST »0433 P0PE4 0176 L0111 058D YR 0123 +0113
o 1A0___ 0143 +030}  ®e#a® L0884 J03ITAL__ L0219 — 0149 L0092 —— 0083 _. . 40025 —. . Je132  -..011A
L L4 S k4 w3l 134 G35 uik (o N A A3 ulv Q46 Qal | 042 Qa3 O
Lo JORT2 L0077 s0151 «n111 0112 0122 L0066 0078 00651 0069 +0285 L0150 L0086 .
T w0076 LOTTR . LplS2 40112 0 L0l1S __ W02} | L0065.. L0GTA_.... «0053 .ppe%. . 0291 __,0l1%52 e QOHE ool
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