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HELIUM TUNNEL INCLUDING DIFFUSER MEASUREMENTS

By Ralph D. Watson and Dennis M. Bushnell
Langley Research Center

SUMMARY

Detailed flow characteristics in the Mach 20 leg of the Langley high Reynolds num-
ber helium tunnels have been determined for stagnation pressures from 207 to 1379 I_\T/cm2
(300 to 2000 psia) at ambient stagnation temperature. For this range of stagnatioh pres-
sure the free-stream Mach number varies from 16.7 to 18.4 in the Reynolds number range
from 7.6 x 106 to 48.6 x 106 per meter (2.3 x 106to 14.8 x 106 per ft). The axial Mach
number gradient has been found to be 0.125 per meter (0.038 per ft) and the inviscid core
approximately 50.8 cm (20 in.) in diameter with a probable length of 1060 cm (417 in.).
Nondimensional radial distributions of Mach numbers are similar to distributions obtained
previously in the Langley 22-inch helium tunnel. Pressures measured along the sidewall
of the diffuser are presented and analyzed to determine flow conditions within the diffuser
as back pressure rises during a run. These flow conditions were determined to insure
that undue loads due to unusual flow conditions were not placed on a large butterfly
valve downstream of the diffuser.

INTRODUCTION

Within the past 20 years, the hypersonic helium tunnel has proved to be a valuable
tool in aerodynamic research. Early tunnels, such as those at Princeton University and
Langley Research Center, had test sections only a few cm in diameter (see refs. 1 and 2),
although later ones ranged up to 56 cm (22 in.) in size. Some new tunnels have been
designed for extremely high Mach numbers, for example, the Ames Mach 50 helium tun-
nel described in reference 3 and the Langley Mach 40 helium tunnel recently completed
but not yet operational. The tunnel described in this report is the Mach 20 leg of the high
Reynolds number helium tunnels at Langley Research Center. The test section is
152.4 cm (60 in.) in diameter with a usable core about 50.8 cm (20 in.) in diameter and
a maximum Reynolds number capability of 96.4 x 106 per meter (29.4 X 106 per ft).

The most frequently cited advantage of using helium as the test medium is that Mach
numbers as high as 35 can be achieved without liquefaction in unheated flow (e.g., see



d
saving in heater and facility design costs but 1mp11f1cat10n in instrumentation setups in
n

that delicate instruments do not have to be cooled.
In addition, unheated helium has the advantage of generating significantly higher
Reynolds numbers than air at the same stagnation pressure and Mach number. As noted

in reference 5, helium is a "bemgn medium" for studying turbulence at hypersonic speeds
using hot-wire techniques. Also, the recent development of electron-beam flow visuali-
zation (ref. 6) in helium tunnels has proved valuable in the visualization of complex three-
dimensional flow-field interactions, such as those encountered with conceptual space-
shuttle configurations. In addition to being useful as a general hypersonic tool, the facility
described in this report, because of its large size and high Reynolds number, allows the
detailed study of transitional and turbulent flows on models (rather than model walls) at
Mach numbers greater than 10,

The present report presents detailed calibration and diffuser measurements in the
Mach 20 leg of the Langley high Reynolds number helium tunnels.

SYMBOLS

Values are given in both the International System of Units (SI) and U.S. Customary
Units. The measurements and calculations were made in the U.S., Customary Units.

d nozzle throat diameter

D diffuser diameter

M Mach number

p pressure

r local radial distance measured from tunnel center line
R local radial distance from tunnel center line to wall

t time

T temperature

X axial distance measured from nozzle throat



x' axial distance measured from beginning of test section

Xq axial distance measured from beginning of diffuser

0 boundary-layer thickness determined from pitot survey
o* boundary-layer displacement thickness

¢ angle measured as shown in figure 4

Subscripts:

c average value within a 25.4-cm-diameter (10-in.) circle
s value in vacuum sphere

t stagnation-chamber value

w value at nozzle wall

© free-stream value

¢ center-line value

DESCRIPTION OF FACILITY

The Langley high Reynolds number helium tunnels consist of Mach 10 and Mach 20
legs (nozzles, test sections, and diffusers) operating from a 56.6 m3 (2000 £t3) high-
pressure storage supply and exhausting into two 18.3-meter-diameter (60-ft) vacuum
spheres. Vacuum pumps, a seven-stage compressor, and a purifier are common to both
legs. Figure 1 shows a schematic of the closed-cycle operation of the Mach 10 and 20
legs. Two pressure vessels, each of 28.3 m3 (1000 ft3) capacity, permit helium storage
at any desired pressure up to 4551 N/cm?2 (6600 psia). At present, the tunnels are lim-
ited to a maximum stagnation pressure of 1379 N/cm2 (2000 psia) for unheated flow; how-
ever, in future operations, this will be extended to 2758 N/cm2 (4000 psia). The present
report will consider only data from the Mach 20 leg. A typical maximum run time for the
Mach 20 leg is 6 seconds, essentially independent of stagnation pressure. This 6-second
run time includes an initial startup period of approximately 1 second during which the
stagnation pressure increases to the value specified for the run,



igure 2(a) shows the wall coordinates of the Mach 20 contoured nozzle designed
for p; = 2758 N/cm?2 (4000 psia), T; = 294° K (530° R), and Ty, = 294° K (5300 R).
Calculations were made using a computer program similar to that described in refer-
ence 7. An inviscid core was calculated assuming source flow in region BC and a linear
Mach number distribution from B to A. Then a boundary-layer displacement thickness
calculated by the method of Persh and Lee (ref. 8) was added to the core to determine the
wall coordinates. Nozzle cutoff length was determined by the method of reference 9 with
5/6* = 2, a value which has been shown in reference 10 to be characteristic of hypersonic

turbulent boundary layers on tunnel walls in helium flow.

The inviscid region for a design Mach number of 20 is not shown in figure 2(a). An
inviscid core at M = 18 was calculated to match measured free-stream conditions at
stagnation pressures near 1379 N/ cm2 (2000 psia). The displacement thickness was
assumed to be the difference between this core and the nozzle wall. An estimate of the
pitot boundary-layer thickness was made by doubling 6% and subtracting the result from
the nozzle wall. Reasonable agreement between the thickness estimated by this method
and that determined from the data of figure 6 is shown in figure 2(a). Note that the final
Mach line CD predicts a uniform core extending about 762 cm (300 in.) ahead of the test
section.

Dimensions of the test section, diffuser, and model support mounts are shown in
figure 2(b). Also shown are the locations of 11 pressure taps used for measuring static
pressures along the diffuser. A photograph of the test section is shown in figure 3.

INSTRUMENTATION AND DATA REDUCTION

Survey Rakes and Transducers

Two rakes were used for Mach number surveys in the test section; rake A had a
10.2-cm (4-in.) radial tube spacing for coarse surveys, and rake B, a 2.54-cm (1-in.)
radial tube spacing for detailed surveys in a 25.4-cm-diameter (10-in.) section of the
core. Sketches of the two rakes are shown in figure 4. The fine rake had a nine-tube
arm for definition of the boundary-layer edge in addition to the core tubes. The outside
diameter of the tubes was 0.318 cm (0.125 in.) for both rakes.

Stagnation pressures, pitot pressures, and diffuser pressures were measured by
strain-gage transducers. Transducer ranges were selected to give an accuracy in pres-
sure measurements of approximately 1 percent. Data were recorded on a 100-channel
analog~to-digital converter and tape recorder. A limit of 56 strain-gage transducers
which can be recorded at one time for any one facility connected to the digitizer; however,
100 channels of thermocouple data can be recorded. Overall accuracy in the resulting cal-
culated Mach number is estimated to be 1 percent. Wall static pressures were measured



with variable-capacitance transducers. Vibration in the vacuum isolation valve was
measured with a torsigraph and with strain gages bonded to the valve shaft.

Total temperature is measured in the stagnation chamber with unshielded 24-gage

‘jron-constantan thermocouples. The free-stream total temperature measured with a

shielded 0.32-cm-diameter (1/8-in.) probe and the total temperature in the stagnation
chamber are shown in figure 5. The temperature peak which occurs at 0.2 to 0.3 second
after the start of the run is due to the quick start of the tunnel instead of real-gas expan-
sion effects. After steady flow with constant stagnation pressure has been achieved (i.e.,
after about 1 sec), the free-stream total temperature is higher than the stagnation-
chamber temperature by approximately the value predicted in reference 4.

Data-Reduction Procedures

In reducing measured values of pitot and stagnation pressure to Mach number, the
ideal-gas tabulations of reference 11 were used, modified by the real-gas correction fac-
tors of reference 12 which are necessary because of the deviation of helium from the
ideal-gas law at high stagnation pressures. In addition to high-pressure real-gas cor-
rections, low-temperature quantum effects on viscosity discussed in reference 13 are
applied to free-stream Reynolds numbers quoted in this report.

RESULTS AND DISCUSSION

Mach Number Surveys

Mach number surveys at nominal stagnation pressures of 207, 345, 483, 689, 1034,
and 1379 N/cm?2 (300, 500, 700, 1000, 1500, and 2000 psia) were made at the following
four stations in the test section: station 1, x'=30.15 ¢cm (11.87 in.); station 2,

x' = 80.95 cm (31.87 in.); station 3, x' = 182.5 cm (71.85 in.); and station 4,

x'=284.1 cm (111.85 in.). Additional surveys were obtained at stagnation pressures of
69 and 827 N/cm2 (100 and 1200 psia)., Pitot pressures from rake A were divided by the
corrected value of p; for a given run to calculate the Mach number distributions which
are shown in the upper part of figure 6 (looking downstream). Mach numbers calculated
from tubes in regions of nonisentropic flow (i.e., in the boundary layer at the tunnel wall
or behind shocks in the flow) would appear too high when calculated from the ratio of pitot
pressure to stagnation pressure. The lower part of figure 6 shows a radial Mach number
distribution calculated from the ratio of pitot pressure to free-stream static pressure.
The pitot pressures were obtained from the outer tubes of rake A and the boundary-layer
arm of rake B. This arm was located at a 45° angle in the upper left quadrant looking
downstream, as indicated in figure 4. Free-stream static pressure was calculated by
using an average Mach number determined from the core data obtained with the fine rake.



Detailed Mach number distributions in a 25.4-cm-diameter (10-in.) core obtained
from the fine rake are shown in figure 7. A fairing of the data at each tunnel position and
pressure is indicated in the figure. These average Mach numbers are plotted as a func-
tion of p; in figure 8 for various tunnel stations and exhibit the usual trend of increasing
Mach number with increasing p;. Figure 9 shows the longitudinal variation of average
core Mach numbers for various stagnation pressures; the data show a linear Mach num-
ber gradient of 0.125 per meter (0.038 per ft), nearly invariant with stagnation pressure.

A summary of the capabilities of the Mach 20 leg of the Langley high Reynolds num-
ber helium tunnels is given in table 1.

The radial Mach number distributions in the Langley 22-inch helium tunnel and in
the Mach 20 leg of the Langley high Reynolds number helium tunnels are shown in fig-
ure 10 at an x/d value of 215. The Mach number data plotted as a function of r/R
show that the ratio of core radius to test-section radius is approximately the same in both
tunnels, Center-line-region disturbances having the same magnitude are also present in
both tunnels. Deviations of the center-line Mach number from WM, are plotted against
x' at various stagnation pressures in figure 11, It appears that with increasing stagna-
tion pressure, the maximum deviation increases slightly and the location of the maximum
disturbance moves downstream. This downstream movement is in agreement with
inviscid-core calculations at Mach numbers of 18 and 20. These calculations show that
if the throat diameter is held fixed, the origin of the final Mach line moves downstream as
free-stream Mach number is increased. Thus, it is probable that the free-stream distur-
bances may be generated in one region of the nozzle, but the flow is affected in the test
section at different locations, dependent on the tunnel stagnation pressure. Reference 14
notes that the region of maximum expansion in the nozzle (shown in fig. 2(a)) is the
approximate point of origin of such disturbances.

Nozzle-Wall Pressure Measurements

Measurements of wall static pressure were made at a position 61 cm (24 in.)
upstream of the function of the nozzle and the test section at ¢ = 0° and 180°. (See fig. 4
for ¢ convention.) Free-stream static pressure at the same point was calculated by
extrapolating M from figure 9, using the ideal-gas ratios from reference 11, and
applying the real-gas corrections of reference 12. Ratios of py, /peo were formed for
comparison with the correlation of reference 9, where it was shown that significant
increases in py, /po0 are obtained at hypersonic Mach numbers when the boundary layer
is turbulent. Reference 9 notes that fluctuating normal velocities in turbulent boundary
layers could possibly give rise to this effect.

The resulting ratio varies between 0.8 and 0.9, whereas reference 9 predicts a ratio
of about 1.3. Pressures had settled out for each run and four different gages were used in
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order to eliminate gage calibration errors. Reasons for the discrepancy between mea-
sured and theoretical values are not known at this time. Possible explanations are that
the extrapolation of M may not be accurate; that is, disturbances may exist in the flow
upstream of the survey station, or that higher Mach numbers downstream may influence
the pressure measurements upstream.

Diffuser Measurements

Static pressures along diffuser.- For each run, pressures were measured at
11 locations along the side of the diffuser. The results for a typical run are shown in

figure 12 at various times during the run. The diffuser pressures are shown normalized
by test-section static pressure at the last calibration station in figure 12(a) and by sphere
pressure in figure 12(b). The variation of sphere pressure with time is shown in fig-

ure 12(c). As indicated in the sketch at the top of figure 12(a), the diffuser has a two-
dimensional ramp on the top and bottom of the axisymmetric diffuser. Since the mea-
surements were made on the side of the diffuser, these ramps do not appreciably affect
the flow until the shocks formed by the ramps intersect. This evidently occurs at

Xq /D = 3, Disturbances upstream of the diffuser, such as shocks from the calibration

rake and model support strut, cause the pressure to be relatively high at the diffuser
entrance.

An expansion occurs in the sidewall static pressure until the effects of the ramps
are felt, then the combined effects of shock interaction and wall boundary-layer growth
force the static pressure to rise toward sphere pressure. It should be noted that the
vacuum isolation valve is located at the end of the diffuser and that downstream of this
valve are further sections of pipe, approximately 9.1 m (30 ft) long, which turn the dif-
fuser flow approximately 150° and duct it into the spheres. Thus, further pressure
recovery occurs downstream of the main diffuser section.

The pressure data for xg /D < 3 shown normalized with respect to test-section

static pressure in figure 12(a) indicate that the flow in this region is supersonic and not
appreciably affected by back pressure, since the pressure level does not vary appreciably
with time (for t < 4 sec). Downstream of this point, the pressure level usually increases
significantly with time as well as distance, indicating that the increasing back (or sphere)
pressure feeds upstream through the sidewall viscous flow and alters the flow pattern in
the diffuser.

Static pressures in vicinity of vacuum isolation valve.- The use of unsymmetrical

model mounting (unsymmetrical about a horizontal axis) and an unsymmetrical "butterfly"
plate in the vacuum isolation valve introduce the possibility of unbalanced loading on the
valve. If this loading is large enough, the valve could fail and block the tunnel, causing
catastrophic failure of tunnel components due to overpressurization. A valve failure of




this type has occurred and this accounts for the present 1379 N/cm2 (2000 psia)
stagnation-pressure limitation on the tunnel. With the eventual installation of a gate
valve, the facility can operate with a supply pressure of 2758 N/cm2 (4000 psia).

During the present tests, static-pressure measurements were made in the vicinity
of the valve at the locations indicated in figure 13, where the butterfly plate is shown in
the open position. Because measurements of the actual pressures on the valve plate sur-
face were not possible, the measurements on the walls at the indicated locations have been
interpreted as indicating pressure levels affecting the valves.

Time histories of the pressure measurements upstream and downstream of the
valve center line are shown in figure 13. These data indicate a region of fairly constant

pressure up to 2% sec, even though the back pressure is building up. (See fig. 12(c).)

After this period a wave system moving in the upsiream direction evidently sweeps past
the valve, and the pressure thereafter increases rapidly with time. The largest pressure

change across the valve seems to occur at about 3% sec when the pressure difference

across the front surface is small, but the pressure difference across the back surface is
large. A typical combined pressure change across the valve butterfly plate is shown in
figure 14. A positive value of Ap corresponds to a counterclockwise closing torque on
the valve. The value shown corresponds to the pressure difference across orifices 12
and 13 added to the pressure difference across orifices 14 and 15. As expected from the

discussion in connection with figure 13, the maximum torque occurs at 3% sec, and there

is a rapid variation in sign of the torque across the valve when the moving wave system
passes,

Measurements of the actual torsional vibration of the valve shaft indicated rms
values of up to 0.08° with a frequency of about 40 Hz. A peak in the torsional vibration
was observed to occur at the same time as the peak and rapid change in Ap indicated
in figure 14. In addition, measurements were made of the instantaneous pressure at
orifice 16 (see fig. 13) as a function of time using a small-volume pressure transducer.
The observed signal recorded on an analog recorder indicated appreciable signal content
at all frequencies up to the resolution of the recorder (about 400 Hz), and the magnitude
of the peak-to-peak fluctuation was close to 100 percent of the mean level.

CONCLUDING REMARKS
Detailed flow characteristics in the Mach 20 leg of the Langley high Reynolds num-
ber helium tunnels have been determined for stagnation pressures from 207 to 1379 N/cm?2

(300 to 2000 psia) at ambient stagnation temperature. For this range of stagnation pres-
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sure, the free-stream Mach number varies from 16.7 to 18.4, with a corresponding
Reynolds number range from 7.6 X 106 to 48.6 x 106 per meter (2.3 x 106 to 14.8 x 106 per
ft). The axial Mach number gradient has been found to be 0.125 per meter (0.038 per ft)
and the inviscid core approximately 50.8 cm (20 in.) in diameter. Nondimensional radial
distributions of Mach numbers are similar to distributions obtained previously in the
Langley 22-inch helium tunnel. Pressures measured along the sidewall of the diffuser
demonstrate the change in flow conditions within the diffuser as back pressure rises
during the run. Also, measured maximum peaks in valve-shaft deflection on a 183-cm-
diameter (72-in.) butterfly valve downstream of the diffuser are correlated with peaks

in pressure loading measured at the valve.

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., August 31, 1971.
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TABLE I.- CAPABILITIES OF THE MACH 20 LEG OF THE LANGLEY HIGH REYNOLDS NUMBER HELIUM TUNNELS

[éuantities corrected for high-pressure real-gas effects and low-temperature quantum effectsZ]

Value at stagnation pressure of —
Quantity 69 N/cm2 (100 psi) [1379 N/cm2 (2000 psi) (2758 N/cm(2) (4000 psi)
a

Average Machnumber . . . . v v o ¢ ¢ v v v s v 0 o s ch e e e 16.3 18.4 19
Free-stream Reynolds number per m (per ft) . . ... .....| 2.7x108 (0.81x 106) 48.6 x 106 (14.8 x 106)] 96.4 x 106 (29.4 x 106)
Free-stream pressure, N/em?2 (pSia) . o v v v v e w v w .. . .]0.09 X 10-2 (0.13 X 10-2)(1.05 x 10-2 (1.5 x 10-2)|1.92 x 10-2 (2.8 x 10-2)
Dynamic pressure, N/em2 (psia) . o . v v v v v v v v v . .o 0.20 (0.29) 2.97 (4.3) 5.78 (8.9)
Mass flow rate, kg/sec {lbm/se¢) .. ... ...« .. ... - 1.36 (3.0) 28.4 (62.7) 60.1 (132.4)
Core size (approximate), cm (in.) .. ..... Cee e e . 50.8 (20) 50.8 (20) 50.8 (20)
Test-section diameter, cm (in.) .. ...... e e e 152.4 (60) 152.4 (60) 152.4 (60)
Stagnation temperature,°k (°R) .. ... ... .. e e 300 (540) 300 (540) 300 (540)
Free-stream temperature, °K OR) ........ . .. 3.3 (6.0) 2.7 (4.9) 2.6 (4.7)
Free-stream velocity, m/sec (ft/sec) .. ... .... e 1758 (5768) 1787 (5863) 1813 (5947)
Runtime,sec. . . . .. ... 0o e e e e 6 6 6
Free-stream rms mass-flow fluctuations,P percent of mean . . . 2.7 2.2 1.7

apxirapolated from calibration data.
bHot-wire measurements made by Richard D. Wagner, Jr

., Langley Research Center.
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Figure 1.- Schematic of the Langley high Reynolds number helium tunnels.
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(d) station 1.

pt = 672 N/cm2 (974 psia);

Tt = 295° K (5310 R).



(¥4

1
020.14

1
Ll
|
I
20,24 018.41 20.29
[+ \ °
L
18,46 \ 18,46
018.13 °
I
18,08 I 18.14
[~} 1 [~]
018.04
o : o
18.04 18.01
2026 18.43 1813 18,06 1779 17.98 1811 1841  19.96
——0—— —=0= = ==0= — — = —-———?———-o—— - =0-= —--o-——-:n7
1 _n0
18.09 | 11.97 ®=0
o | o
018.
18,04 | 18.12
o ] o
1
]
. 18,3
18616 ? 18.15 8° 9
]
1
2g.21 ! 20,29
©18.46
I
1
J;zo.zv
[}
20—~
¢ =-45°
T80 0 P ® 0 4
0
L &
o) o}
M, | o
o
10 1 1 | 1 | | in.
30 20 10 © 10 20 30
I T T N B lom
80 60 40 20 ¢ 20 40 60 80

r

.
©20.36
|
I
]
1
18.15
20,43 ° 20,39
1
19.00 ! 18,81
° 018.41 °
1
18.38 I 18.41
o . °
018,27
) ! o
1828 ' 18.26
18122 18.24 16.40 18.89  20.15

20.29 18.96 18.42 18.33
O = 0 — ~—0= —

-0 — - -—o——--?———_o--——o—-—_6————_07
1 ¢ =0°

1834 | 1825
o | (-]
018.31
18.35 ] 18.41
[ 1 (<]
1
18.97 5 1885
8 °18.42 a1
1
20,26 [ 20,50
] 1 -]
©18.86
1
1
1
|
©20.46
1
20 — e
~ 18.10 —— o Qo Co o
r 0
8 0
M, [e)
= o)
10 | | L ] | ] in.
30 20 10 ¢ 10 20 30
I N N N N RO A B =
80 60 40 20 ¢ 20 40 60 80.
r

(e) Station 1. p; = 1007 N/cm? (1460 psia);
Tt = 309° K (556° R).

(f) Station 1. p; = 1343 N/cm?2 (1948 psia);
T; = 300° K (540° R).

Figure 6.- Continued,



(44

19,98
[]
17.46
-]

16.78
[

] ]
16.59 16.59
18.61 17.42 16.717 16.59  16.84 16.56 16,71 17.41  19.65
—0—— = —0— — — =0~ —0—— - -0——--0-—

——0—— - - O~~-—0—- —-—-c-----j-/-
1 ®=0°

16.54 | 16,59
o I (=]
016.60
16.73 i 16.76
[} | °
1
17.46 516.77 17.28
[+ 1 o
|
20,01 I 19.80
° 517.39 °
1
i
1
§
©19.95
]
20 F
L ¢ = -459
1670 — s ao
L £O o]
(o]
Y
M, L o
o
o] o]
n e}
o
10 | | I | | | in
30 20 10 ¢ 10 20 30
I O N | o
80 60 40 20 ¢ 20 40 60 80

(g) Station 2. p; = 191 N/em? (277 psia);
Ty = 3070 K (552° R).

]
.
°19.72
I
b
1
19,83
£ °17.712 19,66
]
17.06 ! 18,34
°17.15 °
17.06 | 17.17
o | °
d16.96
o 1
1694 | 1690
22,26 1772 17.09  16.93 17/25 16.89 17.13 17.64  19.38
— =0 - - 0 — = 0= — = 0= — -=0me— —0— == ~0= —— 0= — — — O
o/
1692 | 16,93 =0
=] i o
016.94
17.08 ! 17.08
-] I )
1
17,72 017.08 17.56
[} 1 )
t
19.99 ' 19.91
° d17.11 °
I
I
I
|
©19.90
I
20 —
L ¢ = -45°
17.15 0 o EO o
e)
e)
M, L o)
(e} e}
(o]
r o)
10 | i | | ! J in
30 20 10 ¢ 10 20 30
A N T SO A I N N
80 60 40 20 t 20 40 60 80

(h) Station 2. p; = 323 N/cm2 (469 psia);
T = 303° K (5459 R).

Figure 6.- Continued.
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Figure 6.- Continued.
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T; = 299° K (538° R).
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(r) Station 3. p; = 1325 N/cm2 (1922 psia);
Ti = 2970 K (5350 R).
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(s) Station 4. p; = 195 N/cm2 (283 psia);

T = 311° K (560° R).
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(t) Station 4. p; = 343 N/cm?2 (498 psia);

T; = 308° K (554° R).
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(u) Station 4. p; = 480 N/cm2 (696 psia);
Ty = 3059 K (550° R).
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(v) Station 4. p; = 667 N/cm2 (967 psia);
Ty = 304° K (5470 R).
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Figure 6.~ Concluded.

(x) Station 4.

r

p; = 1336 N/em? (1937 psia);

Ty = 303° K (545° R).
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(a) Station 1. x'=30.15 cm (11.87 in.).

Figure 7.- Mach number distributions in 25.4-cm-diameter (10-in.) core.
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(b) Station 2. x' = 80.95 cm (31.87 in.).
Figure 7.~ Continued.
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(c) Station 3. x' = 182.5 cm (71.85 in.).

Figure 7.- Continued.
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(d) Station 4. x' = 284.1 em (111.85 in.).
Figure 7.- Concluded.
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Figure 8.- Effect of stagnation pressure on average Mach number in test core.
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