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FOREWORD

This report documents the Mach 10/14 Calibration test program (WTR 1608)
performed in the Naval Surface Warfare Center White Oak Deta chment
(NSWCWODET) Hypervelocity Tunnel 9. The National Aerospace Plane Joint
Project Office (NASP JPO) was the sponsor for this test entry. The primary objective
for this test program was to supplement previous calibrations of the NSWCWODET
Tunnel 9 free stream conditions.

Approved by:
[E T fobpd

R. L. SCAMIDT, Head
Strategic and Space Systems Department
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ABSTRACT

This report documents the Tunnel 9 Mach 10/14 Calibration test program
(WTR 1608) performed at the Naval Surface Warfare Center, White Oak, Maryland.
This effort was sponsored hy the National Aerospace Plane Joint Program Office
(NASP JPO). Free stream {low field parameter distributions were obtained for both
the Mach 10 and 14 nozzles spanning the Reynolds number range. A total of four
Mach 10, and ten Mach 14 runs were performed during this test program. The test
period was 7 to 22 May 1991. Results from this test entry were combined with
previous test data in the final analysis. Data from the test reveal that high quality
uniform flow exists and that deviafions in core flow field parameters are comparablc
with the calibration data taken in the past.
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INTRODUCTION

Calibration of wind tunnel facilities is necessary to properly evaluate and
understand the data obtained during a test program. The Naval Surface Warfare
Center White Oak Detachment (NSWCWODET) Hypervelocity Tunnel 9 frequently
engages in facility calibrations. When Tunnel 9 was originally brought on-line, a
complete characterization of the flow was completed. Periodic tests are performed to
obtz:iin additional calibration data relative to new capabilities or specific customer
needs.

The National Aerospace Plane (NASP) program is a national initiative by the
Department of Defense and National Aeronautics and Space Administration
(NASA). The program objective is to develop hypersonic technologies for an
experimental X-30 aircraft and eventually demonstrate single- stage-to-orbit flight.
This program will perform multiple testsin Tunnel 9 over a wide range of test
conlitions. The purpose cf these experiments is to evaluate various airframe, inlet,
and propulsion configurations. Discrete calibration conditions were chosen which
enconpassed the planned testing range for the NASP program, The test data in this
report includes test conditions where calibration data was previously unavailable.

This test was designed to calibrate the uniformity of the free stream flow field
parametersin the Mach 10 and Mach 14 nozzles. This effort was combined with
previous tunnel calibrations to create this inclusive calibration report.

TEST FACILITY

The NSWCWODET Hypervelocity Wind Tunnel 9 is a blow-down facility which
operates at Mach aumbers of 8, 10, and 14. Ranges for Reynolds numbers and supply
conditions are listed in Table 1.

Tunnel 9 uses nitrogen as the working fluid. The test section is over 12 feet long
and 5 feet in diameter, which enables testing of large scale model configurations. A
schematic of Tunnel 9 is shown in Figure 1.

During a typical run, a vertical heating vessel is used to pressurize and heata
fixed volume of nitrogen to a predetermined pressure and temperature. The test
section and vacuum there are evacuated to a low pressure and are separated from
the heater by a pair of metal diaphragms. When the nitrogen in the heater reaches

the desired temperature and pressure, the diaphragms are ruptured and the gas flows
from the top of the heater, expands through the contoured nozzle, into the test section
at the desired test conditions, Asthe hot gas exits the top of the heater, cooler
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nitrogen (~300°F) from three pressurized driver vessels enters the heater base. The
cold gas drives the hot gasin a piston-like fashion, thereby maintaining constant
conditions in the test section during the run. More detailed information concerning
the facility can be obtained from Reference 1.

TESTHARDWARE

Calibration hardware for this test consisted of a fixed Pitot rake mounted on a
straight sting and a traversing Pitot rake as shown in Figure 2. The fixed Pitot rake
consisted of 25 Pitot pressure probes, one at the centerline of the tunnel and the
others placed 2 inches apart, horizontally spanning both sides of the tunnel. A
traversing mechanism was fitted with three Pitot pressure probes to survey the
vertical plane of the test section. One probe was mounted at the centerline, and two
probes mounted 1 inch to either side. The traversing probe surveyed from 4.3 inches
above the tunnel centerline to 3.0 inches from the tunnel wall,

INSTRUMENTATION

TUNNEL INSTRUMENTATION

The instrumentation used io monitor wind tunnel supply conditions included
one supply pressure transducer, two supply temperature thermocouples, and two of
the Pitot rake mounted pressure transducers in the test cell. Tables 2 and 3 list the
transducers and valid ranges. Both sets of thermocouples were fabricated in-house.

PITOT RAKE INSTRUMENTATION

Instrumentation for both the fixed Pitot rake and the traversing Pitot rake
coincide with Table 2 for Pitot pressure. Reference 2 provides more detail on Kulite
transducers. All gauges were mounted inside the rake and were connected to the taps
with flexible Tygon tubing. Tubing lengths were sized to minimize pressure lag as
outlined in Reference 1.

CALIBRATION AND TEST PROCEDURES

PRESSURE TRANSDUCER CALIBRATION

Calibration of the pressure instrumentation was accomplished prior to each
wind tunnel run. The data system recorded transducer response during evacuation of
the test cell. The test cell evacuatlion was accomplished in steps where the test cell
pressure was held constant at each step, Typically eight calibration points were
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obtained from atmospheric pressure to approximately 1 mm Hg. Two MKS Baratron
type 145 transducers with ranges of 1000 and 10 mm Hg were used as calibration
standards. For each transducer, output voltage was recorded and a slope and
intercept were calculated using a least squares method.

RUN SETUP AND INITIATION

After the pressure transducer calibration, preheat static tares were obtained on
all transducers. The heating cycle, approximately 25 minutes in duration, was then
started. A final tare wasobtained at the end of the heating cycle for final
instrumentation intercept corrections just prior to diaphragm rupture. Once flow
was established, the sequencer triggered the data acquisition, traversing probe,
photographic, and other tunnel control systerns.

The fixed horizontal rake was held at 0 degree angle of attack. The traversing
probe started at 4.3 inches above centerline and traversed into the boundary layer to
approximately 3.0 inches from the wall during steady flow conditions.

DATA ACQUISITION AND REDUCTION

Data were sampled and recorded using the NSWCWODET Data Acquisition
and Recording Equipment (DARE) Vi. DARE VIis a simultaneous-sample-and-hold,
single-amplifier-per-channel system with * 14 bit resolution. The input signals from
all DARE channels were amplified and fed through six-pole, low-pass Bessel filters
with a cutoff frequency of 50 Hz, thus eliminating high frequency background noise.
Each channel was sampled at 251 Hz. Reference 1 gives a full description of the
DARE Vlsystem,

DIGITAL FILTERS

Data taken using the DARE VI were digitally filtered using a digital
representation of a sixth order, low-pass Butterworth filter. Digital filtering allows
the filter cutoif frequency to be chosen after recording and changed, if necessary, to
eliminate erroneous noise. Spectral analysis may be performed {0 aid in choosing the
cutoff frequency to prevent inadvertent distortion of the data. Time delays are
avoided by filtering the data twice and reversing the data in time between the two
applications of the filter. A more complete description of filtering techniques can be
found in Reference 1. A cutoff frequency of 10 Hz was used for tunnel supply
conditions, test cell Pitots, and all calibration rake Pitots.

MEASUREMENT UNCERTAINTY

Tunnel supply conditions and test cell Pitot pressure measurements were
obtained. Free stream flow properties were then calculated using the fixed rake Pitot
probes, Two Pitot probes were used to obtain free stream Pitot pressure. The Pitots
were chosen to represent the Pitot position durin§ aerodynamic model testing, based

on their horizontal position in the test cell. Supply thermocouples and Pitot
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transducers were averaged. From Reference 3, an estimate of the uncertainty of
measured and derived flow quantities is given in Table 4,

RESULTS

Table b represents the data runs used in the calibration, Data were obtained at
six s-ial stations in the test section. Asshown in Figure 3, station 0 corresponds to
the nozzle exit. Stations-1,1, 2, and 3 correspond to the respective positions of -20,
24, 66, and 108 inches downstream of the nozzle exit. Run 2241 was run with an axial
rake position of 72 inches downstream of the nozzle exit.

PRESENTATION OF RESULTS

Results from the Pitot rake surveys are presented for each test condition,
Tabulated free stream flow field parameters are listed versus radial distance from the
centerline in Appendix A. Pitot pressure at each probe on the Pitot rake was
normalized by the average of two Pitots located at the edge of the inviscid core
(PTAVQ). Data from the Pitot pressure probes, supply pressure, and supply
temperature were used to compute local free stream flow field parameters, based on
an assumpiion of thermodynamic equilibrium in the isentropic core flow.# Real gas
effects were accounted for by computing an equivalent perfect gas supply pressure
and temperature as outlined in Reference 5. Inviscid core size was determined
qualitatively for each run based on the character of the profile. One horizontal
profile, averaged over the useful run time run is chosen to represent each run
condition. This can be accomplished based on the tunnels temporal uniformity,
symimetry in horizontal and vertical planes, and run-to-run repeatability. The next
sections give examples of each characteristic.

TEMPORAL UNIFORMITY

Control valves regulate the flow of hot nitrogen through the tunnei and keep
relatively constant Reynolds number conditions over the total run time. For a more
complete description of Tunnel 9 operation consult Reference 1. Figure 4 shows a plot
of supply conditions versus time for a standard tunnel run. The diaphragms are burst
and a start-up period follows where pressure and temperature are ramped to the run
values. The run values are then held constant over the usable run time. To assess
the degree of temporal uniformity, normalized Pitot pressure profiles were plotted at
snapshotsin time during a tunnel run. Figure 5 shows five normalized Pitot pressure

rofiles at various times during the usable run time, As shown, the profiles vary

ittle with time, and for all conditions, observed temporal deviations were typically
on the order of 1 percent or less in pressure. Based on these observations, Pitot
pressure profiles were averaged during the usable run time to obtain the spatial
deviations presented in the following sections.
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RADIAL SYMMETRY

To check the radial symmetry in the horizontal and vertical plane of the test
section, two Pitot rakes were used. For each station and Reynolds number, the local
Mach number was plotted as a function of absolute distance from the centerline. The
Pitot probes were mounted at 2-inch increments radially from the centerline of the
tunnel. In this manner, radial asymmetric deviations can be assessed in the
horizontal flow profile. For runs where traversing Pitot data were available, the
radial symmetry could be investigated between the vertical and horizontal planes.
Figure 6 shows an example of how radial symmetry data was analyzed. Generally,
for all run conditions asymmetric deviation was 2 percent or less in pressure, where
the greater deviation of fixed Pitot or traversing Pitot reading was used. Even
though the traversing probe samples each point at slightly different pointsin time,
there was good agreement with the fixed Pitot rake, Only those Pitots that fall inside
the inviscid core were used for the calculation.

RUN REPEATABILITY

For each run condition, one run is selected for a representative Pitot pressure
profile. Figure 7 shows a normalized Pitot pressure plot of three separate Mach 10
runs. Notice that the profiles are very repeatable from run to run. The Mach 14
nozzle exhibits similar characteristics in run repeatability.

COMBINING CALIBRATION RESULTS WITH TEST DATA

The uniformity data presented in the preceding sections of this report represent
a large amount of data. The ultimate purpose for the generation of this data is to aid
in the definition of the flow profile during a test program. When a model is tested
aerodynamically, the Pitot calibration rake will not be installed in the test cell. Free
stream conditions are calculated as described earlier based on PO, TO, and the
average of iwo striut-inounted Pitot probes. Refer back Lo Figure 2 for test cell
arrangement. The calibration data can provide a definition of the flow conditions
throughout the nozzle, To use the calibration data in conjunction with the
aerodynamic test data, the following procedure exists. Each wind tunnel data
package will contain the average supply conditions and free stream flow field
parameters for the run. The average free stream flow field parameters are calculated
based on measured supply conditions and the average of two strut mounted Pitot
probes (PTAVG). This approach assumes constant flow field parameters across the
test section. If more detailed definition of the free stream flow field is required,
Appendix A lists each flow field parameter as a fraction of the PTAVG calculated
quantities for each run condition and axial position. For completeness, this data
should be combired with the measurement uncertainty data trom Table 4.

__ Figures 8 through 16 are included for pretest planning purposes. The
uniformity for each run condition and axial station can be compared to decide on
model placement in the test section.
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MACH 10 SPATIAL UNIFORMITY

Deviation of Pitot Pressurc With Reynolds Number

First Window Station. For Mach 10, calibration data versus Reynolds number
are available only at the first window station. Pitot (Pressure profiles at nominal free
stream Reynolds numbers of 20x106, 17x106, 12x106, 5.5x106, and 1.0x106/ft are
presented in Figure 8. A constant core of 40 inches was observed. The best
uniformity was observed at the 20x106/ft condition which is closest to the nozzie
design condition.®7

Deviations of Pitot Pressure With Axial Position

Reynolds Number = 20x106/ft. Mach 10 calibration data obtained as a function
of axial station are available at stations 0, 1, 2, and 3, Pitot Pressure profiles ata
nominal free stream Reynolds number of 20x106/ft are plotted in Figure 9. The best
uniformity occurred at the first window station, 24 inches downstream of the nozzle
exit, The inviscid core was approximately 40 inches at all stations except the third
window station. At this station the inviscid core was 32 inches. Test models are
generally tested in the first two window stations at these conditions.

MACH 14 SPATIAL UNIFORMITY

Deviations of Pitot Pressure With Reynolds Number

First Window Station. At the first window station, 24 inches downstream from
the nozzle exit, data were obtained at neminal free stream Reynolds numbers of
4.0x106, 2,0x106, 0.5x106, and 0.1x106/ft. Figure 10 shows local normalized Pitot
pressure plotted versus radial distance from the centerline as a function of Reynolds
number. As the Reynolds number increased toward the nozzle design condition, the
profiles hecome more uniform across the test section with a lower pressure at the
center 9 inches of the test section. A constant core of approximately 36 inchesin
diameter was observed except for the lowest Reynolds number condition where the
core was 28 inches in diameter.

Second Window Station. Atthe second window station, 66 inches downstream
from the nozzle exit, data were obtained at nominal free stream Reynolds numbers of
4.0x106,2.0x106, and 0.5x106/ft. Figure 11 shows local normalized Pitot pressure
plotted versus radial distance from centerline as a function of Reynolds number. A
constant 36-inch diameter inviscid core was observed, except for the lowest Reynolds
number condition where the core was 32 inches in diameter.

Third Window Station. At the third window station, 108 inches downstream
from the nozzle exit, data were obtained at nominal free stream Reynolds numbers of
4.0x106, 2,0x106, and 0.5x106/ft. Figure 12 shows local Mach number plotied versus
radial distance from the centerline as a function of Reynolds number. A constant
36-inch diameter inviscid core was observed, except for the lowest Reynolds number
condition where the core was 28 inches in diameter, and the pressure drops as the
centerline is approached.
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Deviations of Pitot Pressure With Axial Position

Reynolds Number = 4.0x106/ft, Data at the maximum Reynolds number
condition were obtained axially at six locations in the test section from 20 inches
upstream of the nozzle exit to 108 incnes downstream of the nozzle exit. Figure 13 is
a plot of local normalized Pitot pressure versus radial distance from centerline at
each of the six axial stations. A constantinviscid core was 36 inches in diameter,
Pitot pressure was a minimum at the center of the test section for axial distances up
to 48 inches. Pressure deviations at the second and third window stations were
typically smaller without a dip in pressure at the center.

Reynolds Number = 2.0x106/ft. Data at a nominal Reynolds number of
2.0x106/ft were obtained axially at three locations in the test section at 24, 66, and
108 inches downstream of the nozzle exit. Figure 14 shows a plot of local normalized
Pitot pressure versus radial distance from centerline at each of the three axial
stations. A constantinviscid core of 36 inches in diameter was observed. Deviations
were centered about a median value, except for the first window station where the
local Pitot pressure decreased as the centerline was approached.

Reynolds Number = 0.5x106/ft. Data at 0.5x106/ft were obtained axially at
three locations in the test section at 24, 66, and 108 inches downstream of the nozzle
exit. Figure 15 shows a plot of local normalized Pitot pressure versus radial distance
from centerline at cach of the three axial stations. A constant 36-inch diameter
inviscid core was observed, except for the third window position where the core was
28 inches in diameter, and the pressure drops as the centerline is approached.
Deviations were centered about a median value, except for the third window station
where pressure decreased as the centerline was approached.

Reynolds Number = 0.1x106/ft. Data at 0.1x106/ft were obtained at only one
station 24 inches downstream of the nozzle exit. Figure 16 shows a plot of local
normalized Pitot pressure versus radial distance from the centerline, The inviscid

core was 28 inches in diameter, Pitot pressure generally decreased as the centerline
was approached.

SUMMARY

Calibration data obtained in NSWCWODET Hypervelocity Tunnel 9 verify that
high quality uniform flow exists at Mach 10 and 14, Spatial and temporal uniformity
as well as symmetry were investigated. Flow uniformity was found te be the best in
the second and third window stations, with uniformity in Mach number nominally
less than 1 0.75 percent. In general, higher Reynolds number free stream conditions
tend to exhibit better uniformity. Calibration data from the Mach 8 and Mach 18
nozzle will be subsequently added to this report when that data becomes available.
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Test Cell Configuretion For
Aerodynamic Model Testing
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FIGURE 2. TUNNIL 9 CALIBRATION SETUP




NSWCDD/TR-92/160

Mach 10
Exit 18T Window 2ND Window ARD Window
. ® ° ] Re# = 20 Milllon/.
O [ ] O o Red = 17 Mitlion/L.
. O P o 6] Ra# = 12 Milllon/t
o] M o (@] Re# = 8 Milifon/f.
o o o 0 Ro# = 1 Million/.
Mach 14
Ext 1ST Window | 2ND Window | 3RD Window
0 . o ® Ro# = 3.8 Million/%t
O ® ® ° Re# = 2.0 Million/t
O o [ [ ] Re# = 0.5 Millilon/1.
) » 0 0 Red = 0.1 Milion/.
—-
T | e mne, e TTeR, T TIG L TTIN
e | TN T T T
i SRR N L SR S RS S E e
—_— T - U R
2 CO g PR g U it
—

A A

A

0.0

24.0 a4.0 108.0
Axi! Distance (inches)
Koy

®  Station included In Callbration Data
O Station not included in Calibration Data

FIGURE 3. TUNNEL 9 CALIBRATION STATIONS

10




NSWCDD/TR-92/160

| L — | ‘EIDDDE!DD
IO OPPRPOPN e ao numunnbnuﬂl:lbf-lqg!? ...............
SUFPLY 8oa0 : e : _
: O : : : : : :
PRESSURE 4000 booeeenn e | L e TR b TR eereenenes o]
(psia) DDDbDD : : : : : : :
0 j i i i i i i i
3000 i T I 1
SUPPLY I : : DDDUDGDDDDDDUUDDGEﬁJD
2000 o feereennees Feeeeenn DquDDFJ.E.I ...................................... -
TEMPERATURE _ : : : ! _ : 5 :
(DegF) 10060 - ...... DDDDE[ .......... .......... .......... .......... .......... _
o HDFHDG i i ) i _ i i i i
o r————rT—T 71T T T 7
TEST CELL 7.5 et T ETTTTTIp I RPPRIP Teeenriaens Leeereen Lo
PITOT PRESSURE  §.0 |vevn... e - gunmugGBDUDD.D.QQQDFEF?F“?.QQF’?‘?‘?‘
(psia) 2.5 ueeren. §...El...aij!:.’ ....... B B TG § .......... owreins o]
0.0 poopo—= i i i i i i
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
«  eiiam fmmeAas e
/' TiME {SECONDS)
DIAPHRAGM < o e .
s —>
BURST TUNNEL USEABLE
START-UP RUN TIME

FIGURE 4. TUNNEL 9 SUPPLY CONDITIONS

11




NSWCDD/TR-92/160

1.2

l 1 L \ | I} | | |

5 O T = 1SECI A DTIME = 135 SEC = UNCERTANTY = 0.003
= I[ME‘IZSSEC : | : : ; .
gL HL TR LR e FERP R Tereeeeied e e Feeeraees e -
a - A T =130 s:cO ”ME v s : : : :
o : : : : : : : :
w TS TOVOTUINE FOUTTITE OO SNPUIOE SUORNS ORI N0 O
~ 1.0 _.‘.., ........ IERERERREE ..-" e : - 6 : )
5 : T8 8 g T S&8 T T
: ' : : :
« : : - : : : : : :
E 0.9 b ~ooerlorineenn R R PR TR “ERPRPERE R CRTRTREEY PRRERTES Perernenedineein o
o . : : . . N : .
z X i H . : : N . :
|
0.8 I | 1 1 1 | 1 1

-20 -16 ~-12 -8 —4 0 4 8 12 16 20
. X FROM CENTERLINE (In.)

FIGURE 5. TUNNEL 9 TEMPORAL UNIFORMITY

o 60 T T T
‘n : ! :
n : D I I I I I A Y A R N N RN
L os0 bopye gy e R
v : :
‘__!) 40 b RTTIASELERRITERERRELEE e T
" " FIXED PITOT RAKE ;
Soz0 b D.,..T.RAVnQainlu PITOT . ccobnapmsrisisi o !
e . : bt UNCFRTA]NT\ = 0.15 PSIA
e : e et e ]
b 20 fe ST PP RRE e :
o : : :
'n;: 10 i i i
5 10 15 20 25

X FROM CENTERLINE (In.)

FIGURE 6. COMPARISON OF HOR:ZONTAL AND VERTICAL PROFILES

1.2 - .
= "R U N 1 6"7 1 ! ! ] = U!GFFPTM;!" 0.003 !
2 TR AT T T T
E 1.1 ... .A.. ........ RUN”1’6.79“' ..é ......... E‘ ........ a. ......... ‘ ......... ; ......... E ....... -
a rJ 0 - - . - : A
~N 1.0‘.—.... ............................................................. IR '....
= W n g Az
2 ; EEEEEEEE!; R
p- 3 I D SRS AP S U P ereeeas Ceeranens ereens -
x 09 : : : : : : : : .
g : : : : : : : : :
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~20 -16 —-12 -8 -4 O 4 8 12 16 20
X FROM CENTERLINE (in.)

FIGURE 7. COMPARISON OF RUN REPEATABILITY
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|
|
RUN 1672, RE# = 1 MILLION/FT.
|

1.1 T s T | T l T 0 T
a : : : : : : UNCERTAINTY =10,003  a=!
] : :
52 1.0 b m ............ e gy B
0250- : DDDDDDDDUDDE Dg : :
O : 5 : : : : : : :
= 0.9 i i 1 I | i i | I
RUN 1674, RE# = 5.5 MILLION/FT.
1.1 T T T T T T T T
o . : : : : : M UNC:[R[AINTY = 20.005 =
N : : : F_dn
:[j E 1_0 e ....... DDUDDDD.,.. ............ ....... DEDG: .......... .......... —
2 . 1 7P%aggpo? T 1
e 0.9 i i i | I i i i i
RUN 1671, RE# = 12 MILLION/FT.
11 T T T T . T T - T
8 : : : : : : UNC:ERTAINTY =§0,00S ::
N5 L o : o
oy E 1‘0 = eeeeeran ........... mm ....... ARTTETITIR FRRRRRATRILEE: ............ LRI EE R SRR Dg ...... .......... _‘
o z z : : : : s : 5
z 0.9 1 I ] I 1 | i I J
RUN 1680, RE# = 17 MILLION/FT.
A 1.1 1 T T T 1 | T | T
o H UHC:ERYAINTY =§0.003 ==
N o - u - : : T
= 1.0 feeereeenn . ol Raupe e e feveri @ O e
= o : : “Q0c¢ : : ot : :
& .~ "Hogggo® 7o
< 0.9 i i i i i i i i i .

RUN 2248, RE# = 20 MILLION/FT.

1.1 T | m T | a T
L : : : : H UHaRYAINTY —:0 003 =

1.0 koo ----------- mDDDDDmDDmDDmUDGHDBU ...... .......... -

PITOT

NORMALIZED

ool
-30 -24 -—-18 -12 -6 ] 6 12 18 24 30

DISTANCE FROM TEST CELL CENTERLINE
(Inches)

FIGURE 8. MACH 10 NORMALIZED PITOT PROFILES AT FIRST WINDOW STATION
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RUN 2247, 0.0 INCHES FROM NOZZLE EXIT

1.1 T T T Y T T T T =
: : : : H UNCERTAINTY 2 0.003 =

PITOT
D
o
C
m)

mi o 9@ o i
1.0 F-oeenid ....... a E]D ..... E]BD"" ............ GE.DDE]GB. .......... -

NORMALIZED

A S T A S SN SR SN S S

RUN 2248, 24 INCHES FROM NOZLE EXIT

11 T T T T T T T T T~
: : : : : : UNGERTAINTY = 0.003 ==!

1.0 b ....... DmnDEﬂGBDGmDDmUDmQDmD ...... .......... _

NORMALIZED
PITOT

0.9 ST TS S R R SR S R

RUN 2259, 66 INCHES FROM NOZZLE EXIT
1.1 | ] 1 T ] I 1 1 T
: : : : : : UNGERTAINTY = 0,003 =

1.0 |- s ...... i mE’DUDDm ............ b DDDD ....... .......... -

NCRMALIZED
PITOT

0.9 N T S T TN S S AU

RUN 2250, 108 INCHES FROM NOZZLE EXIT

1.1 T — . — T T T T T
M UN.CERTAIN"IY = 0.003 .

: : O ¢ : ; : : :
1.0 b R PR E N A B affaq A Eo Ru R I R - -

NCRMALIZED
PITOT
i)

0.9 i i
-30 -24 -18 -12 -6

O b,
-
r—-

DISTANCE FROM TEST CELL CENTERLINE
{Inches)

FIGURE 9. MACH 10 NORMALIZED PITOT PROFILES AT REYNOLDS # = 20 MILLION/FT
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RUM 1408, RE# = 0.1 MILLION/FT,

1.1 | 1 T T | | 1 f T
: : : : : UNCERTAINTY = 0:003 ==

T A — s B - gy B —

NORMALIZED
PITOT

. : : : : a : : : :
0.9 1 1 i 1 E i 1 i d

Ll —— T T T ! T l

PITOT

£.0 b JENC LSRRI [N M= DU SRR, 1. N A A—

NORMALIZED

RUN 2267, RE# = 2.0 MILLION/FT.

1.1 — T T T T i T T T
: : : : : : UNGERTAINTY = G.005 =

AR VNS VU RO RO SUNCT Y-
1.0 b S e B P D'C;]'D‘D“‘g ............ oo =

NORMALIZED
PITOT

opl— 1 i qoog® i

RUN 2243, RE# = 4 MILLION/FT.

UNCLKIAINTY = 0.003 ==

1.0 oo ........... [3 DDE]UE}D ........... E}QDE]DBE] ........... , .......... 5

PITOT
O

NORMALIZED

ool i i i joogo i 4 4
-30 -24 -18 -12 -6 0 6 12 i8 24 30

DISTANCE FROM TEST CELL CCNTERLINE
(Inches)

FIGURE 10. MACH 14 NORMALIZED PITOT PROFILES AT FIKST WINDGW STATION
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RUN 2264, REYNOLDS # = 0.5 MILLION/FT.

[ T I [ 1 - T { I
: : : : : : UNCERTAINTY 2 0.003 =:
1.0 oo, 18 RECTIER TSP NPT P F Fox IO SO -
G O : O E]
Op bt u”amom :
0.9 | D ........................ OTT ORI P -
i i i i i i ] 1 1
RUN 2265, REYNOLDS # = 2.0 MILLION/FT.T
1.1 T T T T T - T T T
UN(E:ERTAINTY ——‘jo.oos =-:
1.0 b e DU ....... ............... a.a oo WETOPPPPIT TRV -
0.9 I | 1 | l 41 | 1 i
RUN 2241, REYNOLDS # = 3.8 MILLION/FT,
1.1 I | [ T T | T |
: : : : : UNGERTAINTY = 0.003 =:
1_0 R E] Q- DDD ....... TR PRITINE T SRS o E;] .......... D ...................... —
: DDDDD aDD :
—-30 -—-24 -—-1B8 -12 -8 4] 8 12 18 24 30

DISTANCE FROM CENTERLINE
(Inches)

FIGURE 11. MACH 14 NORMALIZED PITOT PROFILES AT SECOND WINDOW STATION
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RUN 2261, REYNOLDS # = 0.5 MILLION/FT.

A { 1 { ] 1 {
: : : : : : UNCERTAINTY = 0.003 ==!
) 1_0 b e SRRLTEEITE oo D, ............ Feosren i TTILEIRS X3 ' SRR ereenenn [EXXEEERRER -
m l6 : : ) : : [3 : :
3= T c0Op g % Qg : :
<{ : : : O 4 : : .
czz Q. 0.9 ,_ ............ .. ........... E']DDE‘DE]D’ ........... ,.. .......... —
s | | | 1 | | L ! |
RUN 2269, REYNOLDS # = 2.0 MILLION/FT.
1.1 T | T T | T T | T
: : : : : : UNGERTAINTY = 0,003 =)
S : : : : : . : : :
N o : : : : : : : : :
-~ 1_0 b e e IS o ERRRRE Ceeieeieeiaad J PN T S Loppeveeene e —
O : : : : : : | i
< = : o | : : ; Q : :
z " : : 95g08%,0 0oopf . :
RUN 2268, RCYNOLDS # = 3.8 MILLION/FT.
1.1 L I I T | | | ! T
: : : : : UNGERTAINTY = 0,005 =!
o : : : : :
i : : : : : : : o :
N oo 1.0k COUUIN 0.0 FURUUOP S ORI, RO U ]
* : c : b (i 0O :
iz : : Ohgpe0 20 gpgl @ :
@ : : : : : : : : :
o | 1 1 1 | 1 | 1 |
2 0.9

-30 -24 -18 -—-12 -6 0 6 12 18 24 30

DISTANCE FROM CENTERLINE
(Inches)

FIGURE 12, MACH 14 NORMALIZED PITOT PROFILES AT THIRD WINDOW STATION
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RUN 2240, ~20 INCHES FROM NOZZLE EXIT
1.1 1 ! T T T [ T
T M . M M M NCERTAI x 0.003 ==
NORMALIZED : : : ; : S St Rt
PITOT 10 Lo Lo R SIS A S [ W S i
1.0 g B0 g nanEeeen
: : - ano :
RUN 2244, 12 INCHES FROM NOZZLE EXIT
11 T T T T u T T T T
E ‘ N UNC.ERTAINTY =20.003 ::'
NORMALIZED - & El
P]TOT 0 e E] @] a .D DD ........... o [ﬂ - o a ﬂ . ......... o
: : PO : :
RUN 2243, 24 INCHES FROM NOZZLE EXIT
11 ) R T . — T T T T
: : : : : : UNCERTAINTY =:0.003 :1:
NORMALIZED : '
PITOT 0 b mmDGmD.E?. ........... R ) D000 g8 -
a : :
: : : 0 : : :
0.9 Loy 88 i L
RUN 2242, 48 INCHES FROM NOZZLE EXIT
T T T — T —T T T
: : : : : UNCERTAINTY £ 0,003 ==}
NORMALIZED i ; ? : 5 : %
; ol 0.0 :
PITOT e ........... D DDDD ....... R R RCTIRERE ........ E DGD .......... .......... —
T S L T B
0.9 [ SR i n| i i 1 |
RUN 2241, 72 INCHES FROM NOZZLE EXIT
1. T T T T T T | T T
. UNCIRTMNTY —'0 003 ::'
NORMALIZED : ' : z : : :
- 1.0 _..........,; ........... mm DHU ....... ,.‘r_‘ ....... Geeeee o G_‘]DE.D ........... , .......... —
PitOl B m] E] o O E] 0 LJ a ; : .
P IS S SN R R R RS NN S
RUN 2268, 108 INCHES FROM NOZZLE EXIT
11 1 1 T | 1 ] | L T
: UNCERTAINTY =0.003 ==
NORMALIZED 1.0 Lo e O S = L N N
- e el = Rl R R
PITOT : coab : - 0no- : :
0.9 i ] 1 i ] i o 1 |
-30 -~-24 -18 -12 -6 0 6 12 18 R4 30

DISTANCE FROM TEST CELL CENTERLINE
(Inches)

FIGURE 13. MACH 14 NORMALIZED PITOT PROFILES AT REYNOLDS # = 4 MILLION/FT
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RUN 2267, 24 INCHES FROM NOZZLE EXIT

1.1 T T T T T | T T T
: : : : : : UNCERTAINTY 2 0.003 =!
E — : : : : : 0 ; g :
™~ - e e FEUROT TR e Oq08.... N
22 10 a OOEYCa g : o e T
S a = ; 5 00 : : : _
o : : : : i : : : :
o 0.8 i1 [ i o i i 1 i
RUN 2265, 66 INCHES FROM NOZLE EXIT
1.1 | T T T T T T T
: : : : : : UNGERTAINTY = 0.003 !
g _ : : : ; oo : :
= 0 1'0 pm v rnea ............ D... ............ _ ........... D ....... g............%.. . m .......... Tocarsannan —
- = : (M| 0 oo : Of
< = : aana 3 .
" LR
g 0.6 | | 1 | | | 1 i i
RUN 2269, 108 INCHES FROM NOZZLE EXIT
11 | T T T | T T T
: : : : : : UNGERTAINTY = 0.003 =
@ . 0 : : : 5 : : : : '
~ 1.0 oo e, e S e, RO SO > RAUR e, -
32 A - - B O B A 1= R
z* : : toof T o roos : s
g 0.9 | | | i | { 1 | 1

'~30 -24 -18 -12 -6 0O 6 12 18 24 30

DISTANCE FROM CENTERLINE
(Inches)

FIGURE 14. MACII 14 NORMALIZED PITOT PROFILES AT REYNOLDS # = 2 MILLION/FT
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RUN 2262, 24 INCHES FROM NOZZLE EXIT

1.1 T | T i I 1 I
o : : : : : : UNCERTAINTY £ 0.003
“ — : : : : o : " : :
g %-3: 1.0 foeeeenid ............ ..D.g.ﬁ..t.:.] ...... m ..... D..,;..g ....... DDEDD ............ .......... ]
o : l3 : a0 . : o D El :
S o9 N i i i i L1

RUN 2264, 66 |IMCHES FROM NOZLE €XIT

i.1 | ] I { | | I T I
0 : : : : : : UNGERTAINTY = 0.003 =x=:
[FS) < : : H
N : : : s : § : : :
-&' 8 1.0 -oiiedd ........... é N & FEEREeT ............ , ........... \ ............ ............ ‘ ...... x| ..D ........... , .......... —
z " ; 0 oo . O oo
o : : Opn o co-oon :
=z 0.8 | | | [ q] 1 1 ] 1

RUN 2261, 108 INCHES FROM NQZZLE EXIT

o T I ] I T I . Coo0s o

: : : : : : URGERTAINTY = 0.003 = :
S 1.0 e S § ..ij.m..,, ............ e s e e .
2L : : e s : z B o
= o : : : 00 : : : oo :
% 0.9 _.., ............ . ........... E']DDE]GDE] ........... ............ , ........... .......... -
< ! 1 1 i | i ] i {

~-30 -24 -18 -—-12 -6 0 6 12 18 24 30

DISTANCE FROM CENTERLINE
(Inches)

FIGURE 15. MACH 14 NORMALIZED PITOT PROFILES AT REYNOLDS # = 0.5 LLION/I'T

RUN 1408, 24 INCHES FROM NOZZLE EXIT

1.1 1 1L 1 I | 1 | 1
. : M : M . UNGERTAINTY =2 0.003 ==

§ 1.6 borennnd e , ..g......D..@.E.‘. ..... S erenanes T P RS e
o : : : : a :
@ : Doog gt B-: : :
: : H : 0 : : . :
0.9 . 1 1 | | l-Tr] A1 i | i

~30 -24 ~-18 -12 -6 ¢] 6 12 18 24 30

DISTANCE FROM CENTERLINE
(Inches)

FIGURIE 16. MACII 14 NORMALIZED PITOT PROFILES AT REYNOLDS # = 0.1 MILLION/I'T
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TABLE 1. HYPERVELOCITY TUNNEL 9 CAPABILITIES

Contoured Supply Pressure Nominal Supply | Reynolds Number Run Time Range
Nozzle Range Temperature Range (s)
) (psia) °F) (X106/ft)
8 4,000 t0 12,000 1,100 17.6 40 50.0 0.33101.3
10 500 to 14,000 1,350 0.86 t0 20.0 023108
14 100 to 20,000 2,750 0.072t0 3.8 0.7to 15

TABLE 2. TUNNEL 9 SUPPLY/PITOT PRESSURE INSTRUMENTATION

Free Stream Nominal Supply Pressure Pitot Pressure Transducer
Reynolds Number Transducer (Range) (Range)
Mach 10

Re# =1 million/fL Viatran mode! 304 Kulite model XCW-093-15A
(0 to 10,000 psia) (0 to 15 psia)

Re# =7 million/ft Viatran model 304 Statham model PA288TC
(0 to 10,000 psia) (0 to 50 psia)

Re# =12 million/ft Viatran mndel 214 Statham modc]l PA288TC
(0 to 20,000 psia) (0 to 50 psia)

Re# =20 million/ft Viatran model 214 Statham model PA288TC
(0 t0 20,000 psia) (0 to 50 psia)

Mach 14

Re# =0.1 million/ft Statham hodel PA24TC Kulite model XCW-062-5A
(G to 1,000 psia) (0 to 5 psia)

Re# =0.5 million/ft Viatran model 214 Kulite model XCW-093-15A
(0 Lo 50,000 psia) (0 o 15 psia)

Re# =2 million/ft Viatran model 214 Kulite model XCW-093-15A
(0 to 50,000 psia) (0 to 15 psia)

Re# = 3.8 million/ft Viatran model 214 Kulite model XCW-093-15A
(0 to 50,000 psia) {0 to 15 psia)
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TABLE 3. TUNNEL 9 SUPPLY TEMPERATURE INSTRUMENTATION

P

Freestream Nominal Supply Temperature Transducer
Mach Number (Range)
Mach 10 chromel /alumel
(0 to 22G0°F)
Mach 14 7 tungslen-56%
rhenium/tungsten-26%
. (0 Lo 4200°F)

TABLE 4. ESTIMATE OF MEASUREMENT UNCERTAINTY

Measured Quaniity Uncertuinly
PO ' + 0.4%
TO ' 1.7 +0.5%
Pitot  +0.3%
Derived Qhantity' o
Minf -0.2to +0.14%
Tinf S -1.910 +0.6%
Pinf 06t +0.5%
Qinf + 0.3%
RHOiInf -1.6t0 +0.556%
Uinf  08to +0.2%
Reinf/L, -2.6t0 +0.8%

22




NSWCDD/TR-92/160

9E %L ¥~ 03 %%+ £86°0 28'1IT aoLe 00003 801 8¢ cevl 8922
ot %1900+ L96°C ¥2'q 4693 0056 861 102 89°¢€1 69232
:14 %80T 01 %I+ gg6'0 £S'1 CLYS 0012 80T 250 WARS! 1922
45 %E'6-01%8EC+ 16670 gE'LY QO0EL 00T¥IT 801 8’12 £F°01 0822
NOLLVIS MOGNIM GUIHL
9¢€ %HE T 01 %G+ 2860 6L'11 08832 00S61 oL gb'e 91%l | 8444
9€ %YG- NN BHI+ 6L60 96'G 003 0§26 99 28T OL'ET €923
9¢ %0'6-¢30 6760 JA NS 0682 0522 99 6’0 nret $9%%
o¥ %9°%-010 2860 or'é6d ozel 05ev1 99 0'2% Lg0ot 6822
NOILV.LS AOQNIMA ANODJJIS
9¢€ %G'6 01 BI + ¥86°0 82l GLES 00%02% ¥e 185 4 SF vl 4 444
98 %F 8- 01 %l + 1860 9921 09932 001032 0g- oT'y 61 %l ove2 <
9t %S 6-01 %1+ 086°0 6L 00<32 0S8 ¥a £0'G CL'ET L9322 MM
9¢ %G¥- 01 %¥ + 9860 ge'1 00¥e 0013 ¥e qe'o | IZ'ET 2922 N
8¢ %L L~ 9% BT - G960 120 06332 14 ¥ Lo0 S¥ el 80%1
14 %9 1-01 %L+ 00t LY oAl 00071 144 L3 a¥ ot 8PG6e
oy %9°¥- 03 %3+ ¥86°0 91°9¢ 0z¢el 00911 {4 891 9% 01 0851
of %Y - 03 %S+ 6L6°0 a8'9¢ 0cel 0008 144 Utt o101 1L31
ov %EG- 0 BI+ LL6°0 (XA 0621 005¢ pad Y 166 vLOT
o %8'G-01 BLI+ 6L60 L0z (1408 08¢ 14 Lot ¥9°6 TL81
NOILLVLS AOQNIM LSHIJ
(saydut) % F | AV arsd) (d) (e1sd) sayoun | oy . .
s | owdegma | SO | S | v |avoesme | SO | ufae | o <

VIVA NOILVHEITY 6 TANNAL LIGOMOMSN '€ a14dvl




.C,"l

NSWCDD/TR-92/160

REFERENCES

Boyd, C., Hypervelocity Wind Tunnel 9 Handbook, Third Edition,
NAVSWC TR 91-616, Jul 1993, NAVSWC, Silver Spring, MD,

Kulite Semiconductor Products Inc., Kulite Miniature IS Silicon Diaphragm
Pressure Transducer Catalog, Bulletin KS-10000, Ridgefield, NJ.

NAVSWC K24-MEK Memorandum, Subj: Update on Uncertainties in Derived
Tunnel Conditions, White Oak, MD, Mar 92,

Brahinsky, H.S., and Neel, C.A., Tables of Equilibrium Thermodynamic
Properties of Nitrogen, Volume Ill. Constant Entropy, AEDC TR-69-126, Final
Report, Jan 66-Jan 69, AEDC, Arnold AF Station, TN,

Culotta, 8., and Richards, B.E., Methods fer Determining Conditions in Real
Niirogen Expanding Flows, VKITN 58, Feb 1970, VKI, Rhode St. Genese,
Belgium,

Glowacki, W.J., NOL Hyperuvelocity Wind Tunnel, Report No. 2: Nozzle Design,
NOLTR 71-6, Apr 1971,

Harris, E.L,, Glowacki, W.J., NOL Hypervelocity Wind Tunnel, Report No. 1:
Aerodynamic Design, NOLTR 71-5, Feb 1971.




NSWCDD/TR-92/160

GLOSSARY
a ' Velocity of the local speed of sound, ft/s
CL Centerline of wind tunnel
cp Pressure coefficient (P - Pinf)/Qinf
Mach Free stream Mach number, Mach = Uinf/a
Pinf Free stream static pressure, psia
PO, Po Tunnel supply pressure, psia
PO1 ¥quivalent perfect gas supply pressure, psia
PTAVG Average of strut mounted Pitot pressure probes, psia
PT5 Rake pressure transducer, -16 in, from CL, psia
PT21 Rake pressure transducer, 16 in, from CL, psia
PTN Tunnel Pitot pressure, north side, psia
PTRAV Traverse Pitot pressure transducer , psia
PTS Tunnel Pitot pressure, south side, psia
Qinf Free stream dynamic pressure, psia
Reinf/L Free stream Reynolds number, ft-1
Tinf Free stream stetic temperature, °F
TO Tunnel supply temperature, °F
701 Equivalent perfect gas supply temperature, °F
Uinf Free stream velocity, ft/s
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APPENDIX A

FREE STREAM FLOW FIELD PARAMETERS FOR ALL
NOMINAL TEST CONDITIONS

A-1/A-2
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